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INTRODUCTION 

Breast  cancer  is  the  most  common  cancer  affecting  women,  with  a  lifetime  risk  of  breast 
cancer  ~10%  by  the  age  of  80  years.  In  the  United  States,  it  has  been  estimated  that  there  will  be 
approximately  182,450  new  cases  of  female  breast  cancer,  and  more  than  40,480  breast  cancer 
related  female  deaths  in  2008  (Jemal,  et  ah,  2008).  It  is  estimated  that  13.2  %  of  all  American 
women  (1  in  8)  will  develop  breast  cancer  and  3.0  %  will  die  from  this  disease  (Ries,  et  al., 
2007).  Despite  the  advances  in  treatment  and  early  detection,  the  mortality  rate  from  breast 
cancer  in  women  only  decreased  by  2.3  %  per  year  between  1990  and  2002  (ACS,  2006). 
Current  estimates  suggest  that  family  history  is  associated  with  10-20  %  of  breast  cancer  in  the 
United  State  according  to  studies  by  Collaborative  Group  on  Hormonal  Factors  in  Breast  Cancer 
(2001).  BRCA1  (OMIM:  113705)  and  BRCA2  (OMIM:  600185)  are  two  of  the  most  important 
breast  cancer  susceptibility  genes,  and  deleterious  mutations  in  these  two  genes  account  for  about 
15-30  %  of  familiar  breast  cancer  (The  Breast  Cancer  Linkage  Consortium.  1999;  Bove,  et  al., 
2002;  King,  et  al.,  2003).  Therefore,  most  familial  aggregation  of  breast  cancer  remains 
unexplained.  Furthermore,  the  majority  of  the  tumors  occur  in  women  with  little  or  no  family 
history,  and  the  molecular  basis  of  these  sporadic  breast  cancers  is  still  poorly  defined. 

Identification  of  Novel  Genes  Involved  in  Breast  Cancer  Susceptibility 

Extensive  mutation  testing  has  indicated  that  not  all  "high-risk"  breast  cancer  families  are 
due  to  mutations  in  BRCA1  or  BRCA2  (Bove,  et  al.,  2002;  Ford,  et  al.,  1998).  However,  the 
failure  of  linkage  studies  suggests  that  genes  with  penetrances  similar  to  BRCA1  and  BRCA2  are 
unlikely  to  exist,  or  at  least  that  pathogenesis  mutations  in  such  genes  will  be  very  rare  (Smith,  et 
al.,  2006).  A  more  plausible  hypothesis  is  that  residual  genetic  susceptibility  is  driven  by 
variants  at  many  loci,  each  conferring  a  moderate  risk  of  breast  cancer  (Antoniou  and  Easton, 
2006).  There  is  mounting  evidence  to  support  the  speculation  that  there  are  additional,  less 
prevalent  breast  cancer  susceptibility  genes  (Antoniou,  et  al.,  2001;  Kainu,  et  al.,  2000;  Seitz,  et 
al.,  1997;  Thompson,  et  al.,  2002).  Germline  mutations  of  TP53,  PTEN,  ATM,  CHEK2,  NBS1, 
RAD50,  BACHl/BRIPl,  and  PALB2  are  associated  with  breast  cancer,  but  to  a  much  more 
limited  extent  than  BRCA1  and  BRCA2  (Erkko,  et  al.,  2007;  Heikkinen,  et  al.,  2006;  Liaw,  et  al., 
1997;  Meijers-Heijboer,  et  al.,  2002;  Seal,  et  al.,  2006;  Steffen,  et  al.,  2006;  Thompson,  et  al., 
2005;  Walsh,  et  al.,  2006).  Therefore,  compelling  evidence  suggests  that  other  familial  breast 
cancer  genes  exist,  and  new  approaches  must  be  used  to  identify  new  genes  that  predispose 
women  (possibly  men)  to  breast  cancer. 

A  valid  alternative  approach  is  first  to  examine  candidate  genes  in  families  with  multiple 
cases  of  breast  cancer,  and  next  to  detennine  whether  such  candidates  carry  mutations  that  might 
account  for  a  proportion  of  these  families  with  unknown  genetic  etiology.  The  most  likely 
strategy  is  to  evaluate  genes  that  code  for  proteins  with  equivalent  or  complementary  functions 
or  function  in  the  same  pathway  as  BRCA1  and  BRCA2,  such  as  CHEK2,  BRIP1  and  PALB2. 
Evidence  is  accumulating  that  dysfunction  of  other  genes,  coding  for  proteins  in  the  same 
pathway  as  BRCA1  and  BRCA2,  might  be  important  in  the  pathogenesis  of  a  significant 
proportion  of  sporadic,  non-familial  breast  cancer  (Hughes-Davies,  et  al.,  2003;  Jazaeri,  et  al., 
2002;  Turner,  et  al.,  2004).  Therefore,  this  strategy  may  help  to  uncover  important  new  insight 
into  the  role  of  BRCA1  and  BRCA2  in  sporadic  breast  and  ovarian  cancer,  since  BRCA1  and 
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BRCA2  are  rarely  found  mutated  in  these  cancers  (Futreal,  et  ah,  1994;  Lancaster,  et  ah,  1996; 
Merajver,  et  ah,  1995).  One  of  the  major  problems  of  this  strategy  is  that  the  complete 
function(s)  of  BRCA1  and  BRCA2  have  not  been  established,  nor  have  the  majority  of  the 
proteins  which  interact  with  BRCA1  and  BRCA2  have  not  yet  been  identified. 

BRCA1/2  Containing  Complex  (BRCC) 

Much  of  the  current  scientific  effort  involving  BRCA1  is  being  directed  to  defining  the 
biochemical  functions  of  BRCA1  and  its  interacting-proteins.  Wang  et  al  have  previously 
reported  that  a  set  of  proteins  associate  with  BRCA1  to  form  a  large  mega-Dalton  protein 
complex,  referred  to  as  BASC  (BRCA1 -Associated  Genome  Surveillance  Complex)  (Wang,  et 
al.,  2000).  This  complex  includes  several  DNA  damage  repair  proteins,  MSH2,  MSH6,  MLH1, 
ATM,  and  the  MRE1 1-RAD50-NBS1  protein  complex.  BASC  is  responsive  to  double  stranded 
breaks  (Wang,  et  al.,  2000).  However,  it  becomes  clear  that  BRCA1  and/or  BRCA2  can  exist  in 
a  number  of  protein  complexes  and  that  many  BRCA1/2  associated  proteins  remain  to  be 
identified. 

Using  a  combination  of  affinity  purification  of  anti-FLAG  and  mass  spectrometric 
sequencing,  we  have  reported  a  novel  multiprotein  complex,  tenned  BRCC  (BRCA1/2 
Containing  Complex)  (Figure  1),  which  contains  seven  polypeptides  including  BRCA1, 
BRCA2,  BARD1  and  RAD51  (Dong,  et  al.,  2003).  We  first  reported  that  BRCC  was  an  E3 
ubiquitin  ligase  complex  exhibiting  activities  in  the  E2-dependent  ubiquitination  of  the  tumor 
suppressor  p53.  In  this  multiprotein  complex,  three  proteins,  referred  to  as  BRCC36,  BRCC45, 
and  BRCC  120  have  been  found  to  be  associated  with  BRCA1  and  BRCA2. 

Mass  spectrometric  sequence  analysis  of  the  36-kDa,  45- 
kDa,  and  120-kDa  bands  in  Figure  1  identified  these  proteins 
referred  to  as  BRCC36,  BRCC45,  and  BRCC  120  (Dong,  et  al., 

2003).  The  BRCC36/c6.1A  gene  is  located  at  the  Xq28  locus,  a 
chromosomal  break  point  in  patients  with  prolymphocytic  T-cell 
leukemia  (T-PLL)  (Fisch,  et  al.,  1993).  The  chromosomal  break 
occurred  in  two  different  introns  of  BCC36/c6.1A  and  the  fusion 
transcripts  were  expressed  at  high  levels  in  the  leukaemic  cells 
from  T-PLL  patients  (Fisch,  et  al.,  1993).  In  addition,  BRCC36 
bears  sequence  homology  with  both  human  Pohl/Padl  subunit  of 
the  26S  proteasome  and  subunit  5  (Jabl)  of  the  COP9 
signalosome  (Dong,  et  al.,  2003).  Our  previous  study  has  shown 
that  a  recombinant  four-subunit  BRCC  complex  containing 
BRC A 1  -BARD  1 -BRCC45-BRCC36  revealed  an  enhanced  E3 
ubiquitin  ligase  activity  compared  to  that  of  BRCA1-BARD1 
heterodimer  (Dong,  et  al.,  2003).  As  proposed  in  my  fellowship 
grant,  we  plan  to  thoroughly  establish  the  role  of  these  BRCA1- 
associated  proteins,  especially,  BRCC36,  in  the  pathogenesis  of 
both  sporadic  and  familial  fonns  of  breast  cancer. 
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Figure  1.  Purification  of  BRCC. 

Analysis  of  anti-FLAG  eluate  by 
SDS-PAGE  followed  by  silver 
staining  (Dong  et  al,  2003). 
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BODY 


Task  1:  To  expand  the  evaluation  of  the  expression  of  BRCC36  in  clinical  breast  tumor 
samples,  and  to  determine  if  over-expression  of  BRCC36  is  associated  with  gene  amplification 
in  breast  cancer. 


BRCC36IACTB 


Aberrant  Expression  of  BRCCs  in  Majority  of  Sporadic  Breast  Cancer 

The  expression  levels  of  BRCC36  mRNA, 
analyzed  by  RT-quantitative  PCR  (RT-qPCR),  were 
elevated  in  58%  (11  of  19)  of  the  breast  tumors 
evaluated  in  comparison  with  both  normal  breast 
organoids  and  primary  epithelial  cells  (Figure  2A). 

A  subset  of  these  tumors  (6  of  19)  expressed 
extremely  high  levels  of  BRCC36  relative  to  both 
the  purified  mammary  organoids  and  primary 
epithelial  cells.  The  difference  in  BRCC36  mRNA 
levels  in  the  nonnal  organoids  or  primary  epithelial 
cell  cultures  may  be  due  to  differences  in  age, 
parity,  or  hormonal  status  of  the  patients  from 
whom  the  organoids  were  derived  or  to  the  tissue- 
culturing  conditions  of  the  primary  epithelial  cells. 

To  further  validate  the  expression  of  BRCC36  in 
breast  tumors,  we  perfonned  qPCR  analysis  on  laser 
capture  microdissection  (LCM)-purified  normal 
mammary  ductal  epithelium  (NE)  cells  and 
malignant  epithelial  (ME)  cells.  Two  normal  breast 
tissues  and  nine  invasive  ductal  carcinomas  were 
microdissected,  and  the  mRNA  expression  was 
evaluated  by  RT-qPCR  (Figures  2B  and  2C).  We 
found  that  100%  of  these  tumors  showed  elevated 
levels  of  BRCC36  mRNA  relative  to  the  normal 
mammary  ductal  epithelium  (Figure  2B).  The  vast 
majority  (-78%)  of  these  tumors  expressed  very 
high  levels  of  BRCC36  (>20-fold)  as  compared  to 
normal  epithelial  cells.  To  further  demonstrate  that 
BRCC36  is  overexpressed  in  breast  tumors,  we 
evaluated  protein  expression  using  a  BRCC36 
polyclonal  antibody.  As  shown  in  Figure  2D,  the 
vast  majority  of  tumor  expressed  significantly 
higher  levels  of  BRCC36  related  to  adjacent  normal 
tissues. 


BRCC36IACTB 
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Figure  2.  Overexpression  of  BRCC36  in  Normal  and 
Tumor  Breast  Samples.  (A)  QPCR  was  used  to  analyze 
breast  mammary  organoids  (OG),  primary  breast  epithelial 
cells  (BE),  and  breast  tumors  (TB).  (B)  QPCR  was  utilized 
to  analyze  normal  mammary  ductal  epithelial  cells  (NE) 
and  malignant  epithelial  (ME)  cells  captured  by  laser 
microdissection  (LCM).  (C)  Example  of  a  normal 
mammary  duct  isolated  by  LCM  procedure.  (D)  Western 
blot  analysis  of  BRCC36  expression  in  normal  and  breast 
cancer  tissues.  For  comparison,  each  paired  normal  tissues 
(N)  and  tumor  tissue  (T)  obtained  from  same  patient  are 
arranged  next  to  each  other. 
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In  addition,,  after  comparing  the  HER-2/neu 
mRNA  expression  in  the  same  set  of  breast  tumor 
samples,  only  16%  (3/19)  of  these  breast  tumors 
showed  HER-2/neu  amplification/over-expression 


BRCC36/ACTB 

Figure  3.  Correlation  between  HER-2  and  BRCC36 
mRNA  Expression  in  Breast  Tumors.  QPCR  was 
utilized  to  analyze  the  target  gene  expression  in  breast 
tumors.  The  mRNA  expression  of  BRCC36  and  HER-2 
were  normalized  by  (3-Actin  (ACTB). 
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and  no  significant  correlation  between  BRCC36  and  HER2lneu  expression  was  found  (Pearson 
correlation  coefficient,  r=0.5949;  p> 0.2)  (Figure  3).  This  finding  indicates  that  the  aberrant 
expression  of  BRCC36  is  independent  to  HER-2/neu  status  in  breast  tumors.  In  addition,  we 
have  demonstrated  that  BRCC36  interacts  with  BRCA1  in  MCF-7  or  IR-exposed  MCF-7 
(Figure  4).  We  have  also  evaluated  the  expression  of  BRCC45  and  BRCC120  in  same  set  of  the 
tumor  and  normal  tissue  samples.  In  comparison  with  normal  breast  organoids,  the  expression 
levels  of  BRCC120  mRNA  were  elevated  in  53%  (10/19)  of  the  breast  tumors.  In  contrast,  the 
expression  levels  of  BRCC45  mRNA  were  decreased  in  32%  (6/19)  of  breast  tumors  (p<0.05 ). 

Figure  4.  Direct  Interactions  between  BRCC36  and 
BRCA1.  0.5  mg  lysates  from  MCF-7  cells  (w/o  or  with  IR 
exposure)  were  incubated  with  anti-BRCAl  antibody  or 
normal  IgG  (IP  control).  Immunoprecipitates  were  separated 
by  SDS-PAGE,  and  the  levels  of  BRCC36  were  determined  by 
anti-BRCC36  and  anti-BARDl  (positive  control)  antibodies. 
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Studies  of  BRCC36  Gene  Amplification  in  Breast  Tumors 

Because  BRCC36  is  located  at  chromosome  X,  we  sought  to  examine  if  BRC36  gene 
amplification  is  related  to  male  breast  cancer  in  a  pilot  study.  Dual  hybridization  with  a  BRCC36 
BAC  (RP1 1-143H17)  probe  and  an  X-chromosome  alpha-satellite  probe  (CEP  X,  Vysis.)  was 
performed  in  an  identical  way  for  eight  male  breast  tumor  specimens.  After  DAPI  staining, 
FISH  sections  were  then  examined  on  an  epifluorescence  microscope.  BRCC36  gene 
amplification  was  defined  as  a  mean  BRCC36  gene  copy  number  to  mean  X-chromosome  copy 
number  ratio  of  greater  than  1.5.  In  this  small  pilot  study,  BRCC36  gene  amplification  has  not 
been  identified.  However,  one  male  breast  tumor  has  been  found  to  be  hyperploids  (Figure  5) 


Figure  5.  FISH  Analysis  of 
BRCC36  Amplification  in  Male 
Breast  Carcinoma.  (A)  BRCC36 
(green)  and  X-chromosome  alpha- 
satellite  probe  (red)  were  present  in 
normal  copy  number.  (B)  BRCC36 
and  centromere  X  were  present  in 
abnonnal  copy  number.  The  cell 
was  counterstained  with  DAPI 
(Blue). 
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Task  2:  To  determine  the  frequency  of  BRCC36  germline  mutation  in  BRCA1  and  BRCA2 
mutation  negative  breast  cancer  prone  kindreds. 


Mutation  of  BRCC36  in  a  Breast  Cancer-Prone  Kindred 

To  examine  BRCC36  gene  for  germline  mutations,  we  selected  breast  cancer-prone 
kindreds  that  have  tested  negative  for  BRCA1  and  BRCA2  gennline  mutations  through  the 
Family  Risk  Assessment  Program.  A  set  of  1 1  oligonucleotide  primer  pairs  were  designed  to 
amplify  genomic  DNA  region  for  the  BRCC36  coding  exons.  Blood  DNAs  from  probands 
affected  with  breast  cancer  and  reporting  at  least  2  first-degree  and/or  second-degree  relatives 
with  breast  cancer  were  evaluated  for  germline  mutations.  In  the  initial  screen,  a  frameshift 
BRCC36  mutation  (c.880insGGGGdupl48)  was  identified  in  the  gennline  of  a  BRCA1/2 
mutation-negative  breast  cancer  prone  kindred  when  evaluating  exon  1 1  (Figures  6A-C).  The 
proband  (II- 1)  was  diagnosed  with  bilateral  breast  cancer  at  age  48  (designated  by  the  arrow). 
We  were  not  able  to  test  her  father  (1-2,  BCC  at  61  and  colon  cancer  at  81)  and  one  of  her  sisters 
(II-3,  early-onset  breast  cancer  at  age  32)  since  they  died  before  specimens  could  be  obtained. 
However,  both  of  these  individuals  are  the  obligate  carriers  because  proband’s  mother  (1-1)  did 
not  carry  this  mutation  and  BRCC36  is  located  on  chromosome  X.  The  proband’s  other  sister 
(II-2,  bilateral  breast  cancer  at  age  53)  also  carried  this  mutation.  In  addition,  the  proband 
reported  a  niece  (III-4)  with  early-onset  melanoma,  and  her  DNA  sample  was  positive  for 
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:  Cancer  Carrier 
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mc.872F/ 

C.1200R 


DNA 


cDNA  cDNA 


E.  Wild-Type 

874  GAGCAAAACCAACAGCATTTGCAGGAATTACAACAAGAAAAGGAAGAGCTTATGCAAGAACTTTCTTCTCTAGAATAJ 
292  EQNQQHLQELQQEKEBLMQELSSLEX 


Mutant 

874  GAGCAAGGGGAGAGTGGAAACATGCTAGTGGATGGTGCTTTTCCACAATTATTCTCATCTTTA ITTT TCCTATTGAAG 
292  E  Q  |CESGNHLVOGAFPQLrSSLrrLLK| 
952  TGTTTACCAAGAATCTGTGCAGTCAGATGTCGGCAGTCAGCGGGCCTCTCCTACAGTGGTTGGAGGACAGACTGGAGC 
318  |CL8RICAVRCRQSRGI.SY8GIIRTD1IS| 


344  IKTHSICRHYHRKRKSLCRHFL  L~~»l 

F. 


C.728F  mc.872F 


Figure  6.  A  BRCC36  Frameshift  Mutation  (c.880insGGGdupf48).  (A)  Pedigree  of  a  breast  cancer  prone  kindred  with 
a  BRCC36  frameshift  mutation  (c.880insGGGdupl48).  (B)  Agarose  gel  image  of  PCR  products  of  exon  11  for  DNAs 
isolated  from  the  peripheral  blood  of  affected  and  unaffected  family  members.  Samples  from  left  to  right  are  DNA  ladder, 
PCR  products  from  individuals  and  a  negative  control  (H20).  (C)  Sequencing  analysis  for  1-1  (wild  type)  and  III-5 
(homozygote  BRCC36  c.880insGGGGdupl48  mutation  carrier.  (D)  Agarose  gel  image  of  PCR  products  of  BRCC36  exon 
1 1  from  genomic  DNAs  (left  panel)  and  cDNAs  (middle  and  right  panel  isolated  or  synthesized  (RT)  from  immortalized 
LCLs,  respectively.  Samples  from  left  to  right  are  DNA  ladder,  PCR  products  from  LCLs,  II- 1  (mutant),  1-1  (wild  type), 
and  III-4  (mutant).  Primer  sets  used  for  each  PCR  reaction  were  listed  with  the  gel  image.  (E)  Protein  sequence  analysis 
of  BRCC36  c.  880insGGGGdupl48  mutation.  This  frameshift  mutation  is  predicted  to  result  in  expression  of  a  mutant 
protein  [i.e.,  72  new  residues  beginning  at  294  and  a  stop  codon  at  residue  366  (p.Arg294ThrfsX73)].  (F)  Schematics  for 
the  splicing  of  the  57?CCid-c.880insGGGGdupl48  allele. 
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carrying  this  BRCC36  mutation.  Interestingly,  we  also  identified  a  CIIEK2-C.  I  1  OOdelC  mutation 
in  proband  (II- 1),  her  mother  (1-1),  and  her  sister  (II-2).  Inactivating  mutations  in  low-penetrant 
breast  cancer  susceptibility  alleles,  such  as  CHEK2  and  ATM,  are  associated  with  modest  risks 
(approximately  two-fold)  as  compared  to  BRCA1  or  BRCA2  mutations  (10  to  20-fold  by  age  60) 
(Meijers-Heijboer,  et  ah,  2002;  Thompson,  et  ah,  2005).  Therefore,  these  results  suggest  that 
BRCC36  and  CHEK2  may  be  cooperating  to  confer  susceptibility  to  breast  cancer  in  compound 
heterozgotes. 

To  detennine  if  the  BRCC36  frameshift  mutation  results  in  expression  of  a  mutant 
transcript,  we  derived  EBV  immortalize  lymphoblastoid  cell  lines  (LCLs)  using  lymphocytes 
collected  from  the  proband  (II- 1:  mutation  carrier),  her  mother  (1-1:  wild-type),  and  her  niece 
(III-4:  mutation  carrier).  The  protocol  for  immortalizing  lymphocytes  has  been  described 
previously  (Chen  et  al,  Human  Mutation,  2006,  in  appendix).  Analysis  of  genomic  DNA  by 
PCR  confirms  that  LCLs  from  II-2  and  III-4  carry  this  mutation,  while  the  1-1  line  is  wild-type 
(Figure  6D).  Total  cellular  RNAs  were  then  isolated  to  perfonn  RT-PCR  with  primers 
specifically  targeting  Zi/?CC36-c.880insGGGGdup  1 48  mutant  transcripts.  As  shown  in  Figure 
6D,  the  RRCC3(5-c.880insGGGGdupl48  allele  is  expressed  clearly  in  II-l  and  III-4,  but  not  in  I- 
1  LCLs.  Following  sequencing  analysis,  a  mutant  exon  11  (Ex  11’),  with  an  additional  152 
nucleotides  incorporated,  was  identified  (Figures  6E  and  F).  Because  this  frameshift  mutation 
affects  the  sequence  of  the  C-terminal  last  23  amino  acids  of  the  BRCC36  protein,  the  original 
BRCC36  antibodies,  which  were  derived  against  the  last  20  amino  acids,  cannot  be  used  to 
detect  the  mutant  form.  We  are  currently  evaluating  series  of  antibodies  derived  against  amino 
acids  40-53  and  176-189. 

BRCC36  Isoforms 

In  addition,  an  intron  alteration  (IVS2-29delT)  was  identified  in  one  primary  breast  tumor. 
During  the  process  of  amplifying  various  regions  of  the  cDNA,  we  identified  one  splicing  variant 
of  BRCC36  (Figure  7).  This  alternative  splicing  leads  to  in-frame  25  amino  acids  insertion.  The 
functional  significance  of  this  variant  is  yet  clear. 


Figure  7.  Splicing  Variants  of  BRCC36  in  Breast  Tumor.  Left  panel,  RT-PCR  analysis  by  agarose  gel  image.  Right 
panel:  schematics  for  BRCC36  alternative  splicing.  Sequencing  analysis  for  PCR  samples  was  performed  using  TOPO 
cloning. 
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Task  3:  To  determine  the  role  of  BRCC36  in  tumorigenesis  by  studying  if  its  over-expression 
contributes  to  malignant  transformation  of  mammary  epithelial  cells. 


We  used  siRNA  targeting 
BRCC36  or  GFP  (negative 
control)  to  assess  the  response  of 
BRCC36  depletion  in  breast  cancer 
cells.  All  of  the  siRNA  duplexes 
were  synthesized  by  Dharmacon 
using  2’-ACE  protection 
chemistry.  Treatment  with  this 
siRNA  resulted  in  a  >50-80% 
decrease  in  BRCC36  mRNA 
levels  in  comparison  to  mock 
treated  or  siRNA-control 
transfected  cells  (p<0.05)  by  72 
hrs.  The  greatest  level  of 
suppression  was  observed  in 
MCF-7  cells  (Figure  8B). 


Depletion  of  BRCC36  Enhanced 

IR-Induced  Breast  Cancer  Cell 

Apoptosis 

Since  the  BRCA1  protein  is 
activated  via  the  ATM/CFIK2 
signaling  pathway  following  the 
exposure  of  cells  to  DNA 
damaging  agents  such  as  ionizing 


Figure  9.  Apoptosis  Analysis  in  Breast  Cancer  Cells  Exposed  to  IR.  (A) 

MCF-7  and  T47D  cells  were  mock  treated  (non-siRNA)  or  were  transfected 
with  siRNA-control  or  siRNA-BRCCid  prior  to  IR  exposure.  The 
proportion  of  apoptotic  cells  was  measured  following  annexin  V  and  7- 
amino  actinomycin  D  staining  using  a  Guava  Personal  Cytometer.  (B) 
TUNEL  labeling  was  performed  to  detect  apoptotic  MCF-7  cells  (light 
green)  following  exposure  to  IR.  (C)  Data  analysis  of  the  TUNEL  assay.  At 
least  1200  cells  of  each  treatment  group  from  8  independent  fields  were 
counted  to  evaluate  the  percentage  of  apoptotic  cells. 


BRCC36/ACTB 


MCF-10F  MCF-12A  MCF-7 


Inhibition  of  BRCC36  Gene  Expression  by  siRNA  in  Breast  Cancer  Cell  Lines 

To  further  elucidate  the 
functional  consequence  of 
BRCC36  aberrant  expression  in  the 
pathogenesis  of  breast  cancer,  we 
performed  in  vivo  silencing  studies 
targeting  BRCC36  in  MCF-7, 

T47D,  and  ZR-75-1  breast  cancer 
cell  lines,  which  constitutively 
express  high  levels  of  BRCC36 
transcript  relative  to  non- 
tumorigenic  breast  epithelial  cells, 
i.e.,  MCF-10F,  MCF-12A  (Figure 
8A).  Since  antibodies  specific  to 
BRCC36  protein  are  not  available, 
quantitative  PCR  was  used  to 
establish  constitutive  and 
attenuated  BRCC36  mRNA  levels. 


BRCC36/ACTB 


Figure  8.  Abrogation  of  BRCC36  Expression  by  siRNA  Treatment.  The 

relative  level  of  BRCC36  expression  was  adjusted  with  P-actin  (ACTB).  (A) 
BRCC36  expression  in  non-tumorigenic  (MCF-10F,  MCF12A)  and 
tumorigenic  (MCF-7,  ZR-75-1,  and  T47D)  breast  epithelial  cell  lines.  (B) 
BRCC36  expression  in  breast  cancer  cell  lines  after  siRNA  treatment  ( p<0.05 ). 


siRNA -Control  SIRNA-BRCC36 
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radiation  (IR)  (Scully,  et  al,  1997),  we  sought  to  determine  the  role,  if  any,  of  BRCC36  in  this 
response.  Following  depletion  of  BRCC36  via  siRNA,  MCF-7,  ZR-75-1,  or  T47D  were 
irradiated  utilizing  a  Cesium  137  Irradiator  (Model  81-14R).  The  cells  received  4-Gy  total  IR 
(1.132  Gy/min  for  3.53  mins)  for  a  targeted  50%  induction  of  apoptosis  (Liebmann,  et  al.,  1994). 
The  cells  were  cultured  for  an  additional  72  hours  prior  to  harvesting  and  were  examined  for 
DNA  damage-induced  cell  apoptosis  via  Annexin  V  and  7-amino  actinomycin  D  staining.  The 
proportion  of  apoptotic  cells  was  detennined  utilizing  a  Guava  Personal  Cytometer  (Guava 
Technologies)  according  to  the  manufacturer's  instruction.  No  significant  difference  in  the 
fraction  of  cells  undergoing  apoptosis  in  mock  treated,  siRNA-control  transfected,  or  siRNA- 
BRCC36  transfected  cells  was  observed  in  the  absence  of  IR,  indicating  that  depletion  of 
BRCC36  alone  is  not  lethal  (Figure  9A).  However,  when  combined  with  BRCC36  knock-down, 
IR  exposure  led  to  a  significant  increase  in  the  percentage  of  MCF-7  cells  that  undergo  apoptosis 
(45.9%  ±  4.3%)  when  compared  to  the  siRNA  control  group  (34.9%  ±  1.9%,  p<0.05 )  (Figure 
9A  and  Table  1).  Consistent  with  these  results,  the  overall  cell  viability  was  substantially  lower 
in  siRNA-RRCCJd  treated  cells  following  IR  as  compared  to  control  cells  (50.9%  ±  5.8%  vs. 
58.4%  ±  5.7%)  (Table  1).  Similar  results  were  observed  in  T47D  cells  treated  with  siRNA- 
BRCC36  and  IR  versus  controls  (42.2%  ±  4.5%  vs.  23.3%  ±  1.9%,  p<0.05 )  (Figure  9A  and 
Table  1).  Although  the  trend  was  evident  for  ZR-75-1  cells,  the  fraction  of  cells  undergoing 
apoptosis  following  depletion  of  BRCC36  and  IR  were  not  statistically  significantly  different 
(data  not  shown).  Induction  of  apoptosis  was  confirmed  using  a  TUNEL  assay  and  MCF-7 
cells  (Figure  9B).  The  combination  of  BRCC36  siRNA  abrogation  and  IR  exposure  again 
resulted  in  a  significant  increase  in  the 
fraction  of  cells  undergoing  apoptosis 
when  compared  to  the  siRNA-control 
treated  cells  (40.9%  ±  2.7%  vs.  24.9%  ± 

3.3%)  (p<0.05 )  (Figure  9C).  As  a  result, 

BRCC36  depletion  appears  to 
substantially  sensitize  breast  cancer  cells 
to  IR-induced  apoptosis. 


Table  1.  Nexin  Assay  in  Breast  Cancer  Cells  Exposed  to  IR 


MCF-7 

T47D 

Viable  Cells 

Apoptotic  Cells 

Viable  Cells 

Apoptotic  Cells 

Non*siRNA 

57.3%  ±  7.2% 

34.4%  ±  4.5% 

68.5%  ±  0.3% 

26.5%  ±  0.4% 

siRNA-Control 

58.4%  ±  5.7% 

34.9%  ±1.9% 

70.5%  ±  2.3% 

23.3%  ±1.9% 

siRNA-BRCC36 

50.9%  ±  5.8% 

45.9%  ±  4.3%* 

52.7%  ±  2.4% 

42.2%  ±  4.5% r 

'  siRNA-BRCC36  vs.  siRNA-Control  (Student's  Mest.  p<0.05). 


Inhibition  of  BRCC36  Disrupted  BRCA1  Phosphorylation  Induced  by  IR 

Previous  studies  have  indicated  that  the  BRCA1  protein  is  phosphorylated  in  response  to 
DNA  damaging  agents  (Scully,  et  al.,  1997).  Since  BRCC36  directly  interacts  with  BRCA1 
(Dong,  et  al.,  2003),  we  examined  the  effect  of  BRCC36  depletion  on  BRCA1 -associated  DNA 
repair/damage  pathways.  MCF-7  cells  were  treated  with  siRNA  targeting  BRCC36,  and  then 
exposed  to  4-Gy  of  IR 
to  induce  DNA  damage. 


siRNA 

IR 


Non-siRNA  SiRNA -CON  siRNA-BRCC36 


Figure  10.  Activation  of  BRCA1  in  Response  to 
IR  Treatment.  MCF-7,  MCF-7/siRNA  control 


MCF-7  cells  were 
harvested  at  two  hours 
after  IR.  Western  blot 
analysis  was  carried  out 
to  examine  the 
expression  and 

modification  of 

BRCA1,  p21,  p53,  and 
ATM.  Western 


and  MCF-7/siRNA-BRCCJ<5  cells  were  treated 
with  or  without  IR  (4-Gy),  and  cells  were 
evaluated  at  2h  after  radiation  exposure.  BRCA1 
protein  was  evaluated  by  immunoblotting  with 
anti-BRCAl  antibody  and  shifts  in  the  mobility  of 
the  protein  bands  indicated  phosphorylated  and 
unphosphorylated  protein.  The  protein  levels  of 
phosphorylated  ATM,  p53,  and  p21  were 
detennined  by  immunoblotting  with  anti-p-ATM, 
anti-p53,  and  anti-p21  antibodies,  respectively. 
Protein  loading  levels  were  evaluated  by 
immunoblotting  with  anti-(3-actin  antibody. 
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analysis  clearly  showed  that  DNA-damage  induced  by  IR  resulted  in  increased  expression  of 
p21,  stabilization  of  p53,  and  phosphorylation  of  BRCA1  and  ATM  (S1981)  as  expected  (Figure 
10).  This  same  pattern  was  observed  in  siRNA-Control  treated  cells.  Importantly,  reduction  of 
BRCC36  blocked  IR-induced  phosphorylation  of  BRCA1.  In  comparison,  BRCC36  knock¬ 
down  had  no  effect  on  IR-induced  expression  of  p21,  stabilization  of  p53,  and  phosphorylation 
ofATM. 


293  293-BARDI-Flag  NC  293-BARD1 -Flag  NC 
siRNA-Control  +  + 

siRNA-BRCC36  +  ♦ 


BRCA1 


BARD1 


--  -- 

w/o  IR  -  -  w /  IR  - 


IP:  Flag 


Figure  11.  Effects  of  Inhibition  of  BRCC36  on  the  Integrity  of 
BRCA1-BARD1  Heterodimer.  293-BARD  1 -FLAG  cells  were 
transfected  with  either  siRNA-GFT3  (siRNA  control)  or  siRNA- 
BRCC36.  Transfected  cells  were  then  treated  with  4-Gy  IR  and  were 
incubated  for  2  hours  before  harvesting.  1.5  mg  of  293  cell  lysate 
(control  or  BRCC36-siRNA  transfected)  was  incubated  with  ANTI¬ 
FLAG  M2 -Agarose  Affinity  Gel.  The  protein  levels  of  BRCA1,  and 
BARD1  were  determined  by  immunoblotting  with  anti-BRCAl  and 
anti-BARDl  antibody,  respectively  (NC:  negative  control). 


Effects  of  Inhibition  of  BRCC36  on  Integrity  of  BRCA1-BARD1  Heterodimer 

To  determine  if  depletion  of  BRCC36  affects  the  integrity  of  the  BRCA1-BARD1 
heterodimer,  we  targeted  BRCC36  mRNA  in  a  293-derived  cell  line  expressing  FLAG-BARD  1 
(Dong,  et  ah,  2003).  Immunoprecipitation  was  performed  utilizing  anti-FLAG  on  lysates 
prepared  from  cells  transfected  with  the  BRCC36  or  control  siRNAs.  BRCA1  and  BARD1  were 
examined  with  SDS-PAGE  and  western  blot.  Reduction  of  BRCC36  did  not  appear  to  alter  the 
BRCA1-BARD1  interaction  in  either  untreated  or  IR  treated  cells  (Figure  11). 


MCF-7  T47D  ZR-75-1 


MCF-7  T47D  ZR-75-1 


E 


IR  post-1  R  post -I  R  IR  post-IR  post-IR  IR  post-4R  post-IR 

MCF-7  T47D  ZR-75-1 


Figure  12.  BRCA1  Nuclear  Foci  Formation  in  Breast  Cancer  Cells  Following  IR  Exposure.  Cells  were  mock  treated 
(non-siRNA)  or  transfected  with  siRNA-CON  or  siRNA-BRCC36.  Transfected  cells  were  then  treated  with  4-Gy  IR  and 
were  incubated  for  2  or  4  additional  hours.  After  pre-extraction  and  fixation,  transfection  cells  then  were  immunostained  for 
BRCA1  and  y-H2AX.  Quantification  of  BRCA1  nuclear  foci  formation  was  performed  with  Metamorph®  software  (v6.1.). 
(A)  BRCA1  and  y-H2AX  nuclear  foci  formation  without  IR  exposure.  (B)  BRCA1  and  y-H2AX  nuclear  foci  formation  at  2h 
post-IR  exposure.  (C)  BRCA1  and  y-H2AX  nuclear  foci  formation  at  4h  post-IR  exposure.  Quantification  of  BRCA1  (D) 
and  y-H2AX  (E)  nuclear  foci  formation  without  IR  or  at  2h  and  4h  post-IR  exposure. 
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Inhibition  of  BRCC36  Disrupted  BRCA1  Nuclear  Foci  Formation  in  Breast  Cancer  Cells 

Exposed  to  IR 

It  is  well  characterized  that  BRCA1  localizes  to  discrete  nuclear  foci  (dots)  during  S  phase  or 
in  response  to  DNA  damage.  In  our  previous  report,  we  demonstrated  that  BRCC36  directly 
interacts  with  BRCA1  at  the  region  encompassing  amino  acids  502-1,054  (Dong,  et  ah,  2003). 
This  region  falls  within  the  BRCA1  DNA-binding  domain  (a.a.  452-1079).  Because  the  DNA- 
binding  domain  has  been  shown  to  contribute  to  the  BRCA1  re-localization  after  DNA  damage 
(Scully,  et  ah,  1997;  Wang,  et  ah,  2000),  we  sought  to  evaluate  the  role  of  BRCC36  in  the 
formation  of  BRCA1  nuclear  foci  in  response  to  DNA  damage.  MCF-7,  T47D,  and  ZR-75-1 
cells,  mock  treated  or  transfected  with  siRNA-control  or  siRNA-BRCC36,  were  exposed  to  IR 
(4-Gy),  and  were  evaluated  for  BRCA1  and  y-H2AX  subcellular  location.  Recent  studies  have 
shown  that  the  three  breast  cancer  cell  lines  used  in  this  study  possess  wild-type  BRCA1 
(Elstrodt,  et  ah,  2006).  As  shown  in  Figures  12A,  B,  and  C,  BRCC36  deficiency  inhibited 
BRCA1  focus  formation  as  compared  to  mock  treated  and  siRNA  control  transfected  cells. 
Importantly,  y-H2AX  response  to  IR  was  unaffected  in  the  cells  transfected  with  BRCC36 
siRNA  (Figures  12A,  B,  C  and  E).  Quantification  of  BRCA1  nuclear  foci  showed  that  siRNA- 
BRCC36  transfection  in  MCF-7  cells  resulted  in  63%  and  52%  decrease  compared  with  siRNA- 
control  cells  at  2h  and  4h  post-IR,  respectively  (p<0.05)  (Figure  12D).  Similar  results  were 
observed  in  T47D  (49%  and  36%)  and  ZR-75-1  (59%  and  71%)  cells  (Figure  12D). 
Collectively,  these  results  show  that  down-regulation  of  BRCC36  expression  impairs  the  DNA 
repair  pathway  activated  in  response  to  IR  by  inhibiting  BRCA1  activation. 


Control 


BRCC36  siRNA 


BARD  siRNA 


10°  io'  10°  10° 


SCE-I 

infection 


control 

infection 


SCE-I 

infection 


GFP  Fluorescence 


Figure  13.  Depletion  of  BRCC36  Impairs 
Homologous  Recombination  Repair  (HRR) 
in  Cells  Stably  Transfected  with  the  DR- 
GFP  DNA  Repair  Substrate.  (A)  Fluorescent 
microscopy  of  DR-GFP  cells  transduced  with 
lentiviral  vector  expressing  SCE-I  restriction 
enzyme  ( top  panels)  or  with  control  “gutted” 
lentivirus  (bottom  panels)  at  72  hrs  post 
infection.  Prior  to  infection,  cells  were 
transfected  with  siRNA-control  (panels  a  &  d), 
siRNA-BRCC36  (panels  b  &  e),  or  siRNA- 
BARD1  (panels  c  &  f)  for  48  hours.  (B)  Flow 
cytometry  of  DR-GFP  cells  at  72h  post 
infection.  GFP-positive  cells  were  gated  (in  the 
circular  insert  with  percentage  indicated) 
according  to  two-dimensional  plot  of  GFP- 
specific  fluorescence  versus  light  scatter  to 
identify  GFP-positive  cells. 


Depletion  of  BRCC36  Impairs  Homologous  Recombination  Repair  (HRR) 

We  have  established  a  functional  GFP-based  assay  to  assess  specific  double-strand  break 
repair.  This  assay  is  based  on  a  reporter  construct  assay  [modified  from  (Wang,  et  ah,  2004)], 
where  a  plasmid  containing  a  single  18bp  I-Scel  restriction  site  within  an  inactive  green 
fluorescence  protein  (GFP)  expression  cassette  is  specifically  cleaved  allowing  the  detection  of 
homologous  recombination  repair  (HRR)  by  GFP  expression.  The  pDR-GRP  was  kindly 
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provided  by  Dr.  M.  Jasin,  Memorial  Sloan  Kettering  (Pierce,  et  al.,  1999).  In  addition,  since  the 
earlier  submission  we  have  generated  a  lentivirus  construct  (Lenti-Scel-NG)  which  contains  the 
Seel  endonuclease  (Taghian  and  Nickoloff,  1997).  In  these  preliminary  studies,  DSB  repair  can 
be  detected  at  12h  post-infection  with  Lenti-Scel-NG,  and  repair  reaches  plateau  levels  between 
48h  and  72h  (Figure  13  panel  A).  To  observe  the  effect  of  BRCC36  and  BARD1  on  HRR  of 
DNA  DSBs,  we  combined  the  pDR-GFP-Scel  system  and  siRNA  approaches.  We  treated  DR- 
GFP  cells  with  either  BRCC36  and  BARD1  siRNAs  or  control  siRNA  twice  (at  0  and  48  hrs), 
and  infected  cells  with  Seel  viral  particles  at  72h.  Cells  were  collected  for  measuring  the  GFP 
signal  at  72h  after  the  infection.  The  results  show  that  when  BRCC36  and  BARD1  expression 
were  inhibited,  the  efficiency  of  HRR  in  these  cells  was  lower  than  that  in  the  control  siRNA 
treated  cells  (Figures  13A,  and  13B),  thus  suggesting  that  BRCC36  and  BARD1  are  involved  in 
HRR. 


Silencing  of  BRCC36  Decreases  the  Expression  of  MRE1 1,  a  Subunit  of  the  MRN  Complex 

The  BRCA1 -associated  MRE1 1-RAD50-NBS1  (MRN)  complex  has  recently  been 
demonstrated  to  activate  CHEK2  downstream  from  ATM  in  response  to  replication-mediated 
DNA  double  strand  breaks  (Takemura  et  al,  JBC,  2006).  To  study  the  mechanism(s)  of 
BRCC36-mediated  activation  of  BRCA1  in  response  to  the  DNA  damage,  we  first  examined 
whether  abrogation  of  BRCC36  affects  the  expression  of  MRE11,  a  subunit  of  the  MRN 
complex.  As  we  described  previously  (Chen,  et  al.,  2006),  HeLa  cells  were  transfected  twice 
with  siRNA-BRCC36  or  a  siRNA-control.  Twenty-four  hours  after  the  second  siRNA 
transfection,  cells  were  harvested  and  lysed  for  Western  blot  analysis.  Results  clearly  showed 
that  siRNA-BRCC36  treatment  significantly  knocked  down  BRCC36  protein  levels  (Figure  14). 
Importantly,  although  not  affecting  cell  viability  or  the  levels  of  CHEK2,  depletion  of  BRCC36 
by  siRNA  targeting  significantly  decreased  the  level  of  MRE11  compared  to  cells  transfected 
with  siRNA  control  (Figure  14). 

These  preliminary  findings  suggested 
that  the  abrogation  of  BRCC36 
potentially  interferes  with  the  normal 
nuclear  localization  of  BRCA1 
observed  during  S  phase  or  in  response  CHEK: 

to  DNA  damage  possibly  by  mediating  MRE1 

the  integrity  of  the  MRN  complex.  In 

ACTI 

addition,  these  data  also  suggest  that 
MRN  subunits  may  be  potential 
substrates  for  BRCC  complex. 


& 


& 


Figure  14.  Silencing  of  BRCC36 
down-regulates  the  expression  of 
MRE11.  HeLa  cells  were  mock 
treated  (non-siRNA)  or  were 
transfected  with  siRNA-control  or 
siRNA-BRCC36.  The  expression 
of  BRCC36,  CHEK2,  and  MRE11 
were  determined  by 

immunoblotting  with  specific 
antibodies.  Protein  loading  levels 
were  evaluated  with  anti-P-actin 
antibody. 


To  Functionally  Characterize  the  Role  of  BRCC36  in  BRCA1 -Mediated  Ubquitination 

The  BRCA1  N-terminal  RING-finger  region  is  the  site  of  heterodimerization  of  BRCA1  and 
BARD1  (BRCAl-associated  RING  domain  1).  When  bound  to  BARD1,  BRCA1  shows 
significant  ubiquitin  ligase  activity  and  is  capable  of  polymerizing  ubiquitin.  More  importantly, 
deleterious  mutations  in  the  BRCA1  RING-finger  domain  abolish  the  ubiquitin  ligase  activity  of 
BRCA1  (Hashizume,  et  al.,  2001;  Ruffner,  et  al.,  2001).  These  findings  suggest  a  relationship 
between  BRCAl's  ligase  activity  and  the  predisposition  to  breast  cancer.  At  present,  the  known 
substrates  that  are  polyubiquitinated  by  the  BRCA1-BARD1  ubiquitin  ligase  are  very  limited. 
These  known  substrates  include  RNA  polymerase  II,  nucleophosmin/B23,  CtIP,  and  p53  (Dong, 
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et  al.,  2003;  Sato,  et  al.,  2004;  Starita,  et  al,  2004).  We  have  previously  reported  that 
reconstitution  of  a  recombinant  four-subunit  BRCC  complex  containing 
BRCA1/BARD1/BRCC45/BRCC36  reveals  an  enhanced  E3  ligase  activity  compared  to  that  of 
BRCA  1/BARD  1  heterodimer  (Dong,  et  ah,  2003).  In  addition,  BRCC36  displays  sequence 
homology  with  the  human  Pohl/Padl  subunit  of  26S  proteasome  and  with  the  subunit  5  (Jabl) 
of  COP9  signalosome  (Dong,  et  al.,  2003).  The  COP9  complex  has  been  shown  to  regulate  the 
activity  of  the  SCF  ubiquitin  ligase  complex  (Lyapina,  et  al.,  2001;  Yang,  et  al.,  2002).  In 
collaboration  with  Dr.  R.  Dunbrack  (Director,  Molecular  Modeling  Facility  at  FCCC),  we  have 
performed  protein  modeling  analysis  on  isoform  B  of  BRCC36.  A  multiple-round  PSI-BFAST 
sequence  search  was  performed  using  the  BRCC36  amino  acid  sequences.  Suitable  templates 
available  in  the  Protein  Data  Bank  (PDB)  were  chosen  by  using  the  PSIBFAST  profiles  obtained 
in  the  first  step  (Berman,  et  al.,  2000).  The  backbone  and  the  conserved  parts  of  the  template 
were  copied  from  the  PDB  structure  and  amino  acids  different  from  the  target  sequence  were 
built  using  SCWRF3  (Canutescu,  et  al.,  2003).  The  molecular  visualization  and  three- 

dimensional  structure  manipulation  were  performed 
using  Chimera  (Huang,  et  al.,  1996).  The  data  from 
the  protein  structure  analysis  suggest  that  BRCC36 
contains  a  Jabl/MPN  domain  metalloenzyme 
(JAMM)  motif,  and  the  conserved  BRCC36 
residues  (Hisl22,  Hisl24,  Aspl35  and  Serl32) 
form  a  catalytic  site  that  binds  a  Zn  atom  (Figure 
15).  By  analogy  with  the  catalytic  mechanism 
involved  by  cytidine  deaminase,  it  is  suggested  that 
the  Zn  ion  activates  a  water  molecule  that  is 
subsequently  involved  in  a  nucleophilic  attack  in 
the  process  of  isopeptide  bond  hydrolysis. 
Furthermore,  JAMM  motif  has  been  found  to  have 
isopeptidase  activity  in  the  proteins  involved  in 
Figure  15.  BRCC36  jamm  motif.  Homology  neddylation  and  ubiquitination  (Cope,  et  al.,  2002; 

modeling  procedures  were  used  to  obtain  the  three-  Tran,  et  al.,  2003).  These  findings  from  BRCC36 

dimensional  model  of  isoform  B  of  BRCC36.  The  protein  modeling  suggest  that  BRCC36  may  play  a 
molecular  visualization  and  three-dimensional  structure  *  .  .  .  .  .  . 

manipulation  were  performed  using  Chimera.  direct  role  in  ubiquitination. 


\ 

V  / 


Proteome  Analysis  by  2D-gel  between  BRCC36-overexpression  MCF-10A  and  Parental  Fines 

Our  previous  studies  have  shown  that  reconstitution  of  BRCA  1 -BARD  1-BRCC45- 
BRCC36  reveals  an  enhanced  E3  ubiquitin  ligase  activity  when  compared  to  that  of  BRCA1- 
BARD1  heterodimer  (Dong,  et  al.,  2003).  A  recent  study  has  reported  that  BRCC36  displays 
deubiquitinating  (DUB)  activities  towards  K63-linked  ubiquitin  substrates  (Sobhian,  et  al., 
2007).  In  this  capacity,  BRCC36  has  the  potential  to  interact  with  numerous  protein  substrates 
and  subsequently  affect  their  stabilization,  potentially  explaining  the  possible  oncogenic  and 
tumor  suppressor  phenotypes  associated  with  overexpression  as  observed  in  breast  tumors  or 
mutations  found  in  hereditary  diseases.  We  have  initiated  a  pilot  study  to  determine  if  BRCC36 
can  mediate  protein  stability  using  2D-gel  analyses.  In  this  pilot  study,  MCF-10A  cells  were 
transfected  with  a  GFP  reporter  plasmid  and  either  BRCC36-flag  or  the  control  vector. 
Transfection  efficiency  was  determined  by  eGFP  and  BRCC36  expression  was  determined  by 
immunoblotting  (Figures  16A  and  B).  Forty-eight  hours  after  transfection,  cells  were  harvested 
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and  lysed  in  2D-buffer.  Fifty  microgram  protein  from  BRCC36  or  control  vector  transfected  cell 
lysates  was  separated  by  IEF  over  a  pFI  3-10  range  followed  by  gradient  SDS-PAGE.  After 
fixing  and  staining,  the  gels  were  scanned  with  ProXPRESS™  Proteomic  Imaging  System. 
Example  images  from  one  of  triplicate  comparisons  are  shown  in  Figure  16C.  After  analyzing 
by  Progenesis  (Nonlinear  Dynamics,  Inc.)  (Figure  16D),  the  density  of  22  spots  was  identified  to 
be  increased  at  least  3-fold  in  cells  transfected  with  BRCC36  alone  than  those  transfected  with 
empty  vector,  while  9  spots  were  3-fold  lower  in  BRCC36-transfected  cells  (p<0.05 ).  Since 
BRCC36  displays  DUB  activity,  it  is  expected  that  the  substrates  of  BRCC36  may  be  up- 
regulated  when  BRCC36  is  overexpressed.  However,  based  on  our  previous  study  and  recent 
advancement  (Dong,  et  al.,  2003;  Sobhian,  et  al.,  2007),  the  DUB  activities  of  BRCC36  may  be 
dependent  on  which  BRCA1  complexes  BRCC36  participates  in,  and  therefore,  different 
BRCA1  complexes  may  either  stabilize  or  promote  degradation  of  their  various  substrates.  Our 
preliminary  2D-gel  analyses  would  suggest  that  both  scenarios  might  be  in  effect  following 
exogenous  BRCC36  expression.  Although  2D-gel  protein  analysis  is  limited  to  more  abundant 
proteins,  we  are  able  to  resolve  1000s  of  individual  proteins  and  their  isoforms.  LC-MS/MS  is 
being  used  to  identify  the  protein  spots  consistently  altered  in  repeated  experiments  through  our 
Biotechnology  Core  Facility  at  FCCC  to  identify  potential  substrates  of  the  BRCC  complex  or 
BRCC36. 


Figure  16.  Two-dimensional  Gels  Analyses  between  BRCC36-overexpression  MCF-10A  and  Parental  Lines.  (A)  One 

million  MCF-10A  cells  were  electroporated  with  an  eGFP  construct  and  either  2  pg  of  a  control  plasmid  (i.e.,  pFLAG- 
CMV2-5a)  or  a  pFLAG-CMV2-BRCC36  plasmid  via  Nucleofector  kit  V  (Amaxa).  Transfection  efficiency  was  determined 
to  be  ~60%  using  eGFP  as  a  marker.  (B)  The  expression  of  BRCC36  and  Flag  were  determined  by  immunoblotting  with 
specific  antibodies.  Protein  loading  levels  were  evaluated  with  anti-(3-actin  antibody.  (C)  Two-dimensional  gels  were  run 
using  protein  lysates  from  MCF-10A  cell  transfected  with  CMV-5a  empty  vector  (left)  or  BRCC36-Flag  (right).  Molecular 
weight  markers  are  indicated  in  kDa  and  approximate  isoelectric  point  is  indicated  across  the  top  of  the  gels.  (D)  An  example 
of  2D-analyses  using  Progenesis  software:  one  protein  (MW:  — 60;  PI:  ~4.5)  has  been  found  to  be  overexpressed  more  than  3- 
fold  in  MCF-10A  cell  transfected  with  BRCC36  in  comparison  to  the  cell  transfected  with  control  vector. 


BRCC36  Overexpression  Stimulates  the  Colony  Formation  in  a  hMEC  line,  MCF-10F 

We  have  evaluated  whether  exogenous  expression  of  BRCC36  alone  could  transfonn 
MCF-10F,  a  non-tumorigenic  epithelial  cell  line,  by  assessing  anchorage-independent  growth. 
As  shown  in  Figure  17,  FLAG-tagged  BRCC3 6-overexpressing  MCF-10F  cells  formed  more 
colonies  (>30  cells)  in  soft  agar,  as  compared  to  vector-control  MCF-10F  cells.  After 
quantification,  BRCC36-overexpressing  MCF-10F  cells  are  ~5-times  more  efficient  in  colony 
formation  than  vector-control  cells  (18.5  ±2.1  vs.  3.5  ±  0.7,  p<  0.01)  (Fig.  17B).  In  addition, 
since  the  transfection  efficiency  and  the  level  of  exogenous  BRCC36/cell  were  not  determined  in 
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these  initial  experiments,  it  is  possible 
that  the  additional  experiments  planned 
will  yield  an  even  more  robust 
transfonned  phenotype  as  seen  for  MCF- 
7  cells  (positive  control,  Fig.  17C). 
Therefore,  we  are  currently  deriving  a 
BRCC36  expression  vector  (pBMN-I- 
GFP  backbone)  in  which  transfected 
cells  can  be  sorted  for  GFP  by  FACS 
(bicistronic  BRCC36/GFP  mRNA)  prior 
to  plating  in  soft  agar. 

Characterization  of  New  Polyclonal  anti- 

BRCC36  Antibodies 

We  have  developed  two  new 
polyclonal  antibodies  to  different 
epitopes  of  BRCC36.  As  shown  in 
Figure  18A,  commercially  available 
antibodies  (Zymed)  to  the  C-terminus 
and  our  antibodies  derived  against  the  N- 
tenninus  (a.a.  40-53)  (NP_00 10 18065, 
NCBI)  detect  both  isoforms  of  BRCC36, 
while  antibodies  derived  against  amino 
acids  encoded  by  sequences  in  exons  7 
and  8,  i.e.,  a.a.  176-189 

(NP_00 10 18065,  NCBI),  uniquely  detect 
isofonn  2  of  BRCC36.  Since  the 
commercial  BRCC36  antibodies  do  not 
work  for  immunoflorescence  (IF)-based 
assays  (data  not  shown),  we  are 
currently  evaluating  the  sensitivity  and 
specificity  of  our  new  antibodies  for  IF 
staining.  As  shown  in  Figure  18B, 
BRCC36  forms  discrete  nuclear  foci  in 
MCF-10F  cells  following  exposure  to 
ionizing  radiation.  These  data  are 
consistent  with  a  recent  study  reporting 
the  nuclear  foci  formation  of  exogenous 
HA  tagged-BRCC36  in  U20S  cells  in 
response  to  DNA  damage  (Sobhian  et  al, 
2007).  These  findings  continue  to 
indicate  that  BRCC36  plays  an 
important  role  in  DNA  damage/repair 
pathways. 


MCF-7 


MCF-10F-BRCC36  MCF-IOF-vector 


Figure  17.  Exogenous  Overexpression  of  BRCC36  Stimulates 
Colony  Formation  in  MCF-10F  Cells.  (A)  The  expression  of 
BRCC36  in  MCF-10F  cells  transfected  with  either  a  control  vector 
(pFLAG-CMV2-5a)  or  a  BRCC36-expression  vector  (pFLAG- 
CMV2-BRCC36)  was  determined  by  immunoblotting  with  either 
anti-BRC36  or  -FLAG  antibodies.  (B)  5  x  105  of  MCF-7  (positive 
control),  BRCC36  transfected-  or  vector  control  MCF-10  cells  were 
plated  in  soft  agar  (6-well  plates).  After  3  weeks,  images  from  5 
independent  fields  of  each  well  were  taken  and  colonies  containing 
>30  cells  were  scored.  The  numbers  of  colonies  shown  are  the 
means  ±  standard  deviations  (SD)  of  triplicate  results  from  two 
independent  experiments.  (C)  Representative  images  of  colony 
formation  in  soft  agar  by  MCF-7,  BRCC36-transfected  and  vector 
control  MCF-10F  cells. 


Figure  18.  Characterization  of  New  BRCC36  Antibodies.  (A) 

Immunoblot  analysis  of  BRCC36  in  three  independent 
lymphoblastoid  cell  lines  using  the  Zymed  polyclonal  antibody 
(upper  panel),  antibodies  derived  against  a.a.  40-53  (middle  panel), 
and  antibodies  derived  against  a.a.  176-189  (lower  panel).  (B)  IR- 
induced  BRCC36  nuclear  foci  formation  detected  with  antibodies 
derived  against  a.a.  40-53.  MCF-10F  cells  were  treated  with  4-Gy 
IR  and  allowed  to  recover  for  2  hours  before  performing 
immunoflorescence  staining  as  described  in  our  previous  studies 
(Chen,  et  al,  2006).  MCF-10F  cells  were  also  co-stained  with  y- 
F12AX  and  DAPI  for  the  nuclear  foci  positive  control  and  nuclear 
visualization,  respectively. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  Demonstrated  that  BRCC36  is  expressed  at  very  low  levels  in  nonnal  breast  epithelial 
cells  and  that  it  is  highly  expressed  in  breast  tumors. 

•  Demonstrated  that  the  aberrant  expression  of  BRCC36  is  independent  to  HER-2/neu 
status  in  breast  tumors. 

•  Demonstrated  that  BRCC36  interacted  with  BRCA1  in  the  MCF-7  cell  line  by  co- 
immunoprecipitation. 

•  Demonstrated  that  cancer-causing  truncations  of  BRCA1  abrogated  the  association  of 
BRCC36  with  BRCC. 

•  Reported  that  depletion  of  BRCC36  by  the  small  interfering  RNAs  (siRNAs)  resulted  in 
increased  sensitivity  to  ionizing  radiation  in  three  breast  cancer  lines. 

•  Reported  that  the  abrogation  of  BRCC36  prevents  the  phosphorylation  of  BRCA1  and 
does  not  affect  the  levels  of  ATM,  p53  and  p21  in  the  breast  cancer  cells  response  to  IR. 

•  Reported  that  the  abrogation  of  BRCC36  disrupts  the  BRCA1  nuclear  foci  formation  in 
the  breast  cancer  cells  following  IR  instead  disrupts  the  BRCC  complex  integrity. 

•  Reported  a  frameshift  BRCC36  mutation  (c.880insGGGGdupl48)  and  a  CHEK2 
c.llOOdelC)  coexisted  in  the  gennline  of  a  BRCA1/2  mutation-negative  breast  cancer 
prone  kindred. 

•  Demonstrated  that  a  frameshift  BRCC36  mutation  (c.880insGGGGdupl48)  results  in  a 
stabilized  mutant  transcript  in  lymphoblastoid  cell  lines  (LCLs)  by  immortalizing 
lymphocytes  collected  from  the  proband. 

•  Identified  an  intron  alteration  (IVS2-29delT)  in  one  primary  breast  tumor,  which  leads  to 
in-frame  25  amino  acids  insertion. 

•  Evaluated  eight  male  breast  tumor  specimens  for  BRCC36  gene  amplification,  and  no 
BRCC36  gene  amplification  has  been  identified.  However,  one  male  breast  tumor  has 
been  found  to  be  hyperploids. 

•  Demonstrated  that  silencing  of  BRCC36  decreased  the  expression  of  MRE11,  a  subunit 
of  the  R/M/N  complex. 

•  Established  a  functional  GFP-based  assay  to  assess  specific  double-strand  break  repair, 
and  demonstrated  that  depletion  of  BRCC36  impairs  homologous  recombination  repair 
(HRR). 
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•  Demonstrated  by  protein  structure  analysis  that  BRCC36  contains  a  Jabl/MPN  domain 
metalloenzyme  (JAMM)  motif,  and  the  conserved  BRCC36  residues  form  a  catalytic  site 
that  binds  a  Zn  atom.  These  findings  from  BRCC36  protein  modeling  suggest  that 
BRCC36  may  play  a  direct  role  in  ubiquitination. 

•  Successfully  delivering  BRCC36  into  MEC  lines  using  an  electroporation  expression 
system,  and  performing  two-dimensional  gels  using  protein  lysates  from  containing 
MCF-10A  cell  transfected  with  CMV-5a  empty  vector  or  MCF-10A  cell  transfected  with 
BRCC36-Flag. 

•  Demonstrated  that  BRCC36  overexpression  stimulates  the  colony  formation  in  a  human 
mammary  epithelial  cell  line. 

•  Developed  two  new  polyclonal  antibodies  to  different  epitopes  of  BRCC36,  which  are 
able  to  detect  both  isoforms  of  BRCC36  or  uniquely  detect  isoform  2  of  BRCC36. 
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Antibody-Mediated  BRCC36  Silencing:  A  Novel  Approach  for  Targeted  Breast  Cancer  Therapy 
The  major  goals  of  this  project  are:  1)  To  establish  siRNAs  targeting  BRCC36  specifically  to 
breast  cancer  cells  using  a  novel  delivery  system  in  which  homing  antibodies  are  coupled  with  an 
avid  RNA-binding  protein,  i.e.,  protamine;  and  2)  To  determine  if  abrogation  of  BRCC36  can 
sensitize  breast  tumor  cells  to  DNA  damage-based  therapies  using  mouse  xenograft  models. 


CONCLUSIONS 

Through  this  DOD  fellowship  awards,  we 
have  evaluated  the  role  of  BRCC36  in  the  ATM- 
BRCA1  DNA  repair  pathway  in  breast  cancer 
cells  in  response  to  IR.  The  key  findings  of  this 
work  lie  in  the  following:  1)  BRCC36  is 
overexpressed  in  vast  majority  of  breast  tumors; 
2)  Depletion  of  BRCC36  enhances  IR-induced 
apoptosis  of  breast  cancer  cells;  3)  BRCC36 
abrogation  inhibits  the  formation  of  BRCA1 
nuclear  foci  following  IR;  4)  Silencing  of 
BRCC36  prevents  the  IR-induced 
phosphorylation  of  BRCA1  while  other  IR- 
response  proteins,  such  as  ATM,  p53  and  p21,  are 


Figure  19.  Potential  Role  of  BRCC36  in  the 
BRCAl-Associated  DNA  Repair  Pathway  in 
Response 
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unaffected;  5)  Depletion  of  BRCC36  impairs  homologous  recombination  repair  (HRR);  6) 
Silencing  of  BRCC36  decreases  the  expression  of  MRE11,  which  mediates  repair  of  DNA 
double  strand  break;  and  7)  BRCC36  is  mutated  in  the  germline  of  a  cancer-prone  family  and 
segregated  with  disease,  suggesting  to  increase  the  risk  of  developing  breast  cancer.  This 
BRCC36  frameshift  mutation  results  in  expression  of  a  mutant  transcript  in  the  immortalize 
lymphoblastoid  cell  lines. 

In  cellular  response  to  the  DNA  damage  caused  by  IR,  ATM  is  activated  by  DNA  damage 
and  phosphorylates  multiple  factors,  including  BRCA1  and  p53,  which  are  involved  in  DNA 
repair,  apoptosis  and  cell  cycle  arrest  (Banin,  et  al.,  1998;  Canman,  et  al.,  1998;  Cortez,  et  ah, 
1999).  As  our  results  indicate,  depletion  of  BRCC36  expression  by  RNAi  blocks  BRCA1 
activation  (i.e.,  phosphorylation  and  nuclear  foci  formation)  in  breast  cancer  cells  following  IR 
exposure.  Because  of  the  role  of  BRCA1  in  DNA  repair,  we  propose  that  an  imbalance  between 
the  DNA  repair/cell  survival  and  DNA  damage/cell  apoptosis  pathways  exists  in  BRCC36- 
depleted  cells  following  IR  exposure.  As  a  result,  BRCC36  depletion  appears  to  substantially 
sensitize  breast  cancer  cells  to  IR-induced  apoptosis  (Figure  19).  Overall,  our  studies  define 
BRCC36  as  a  direct  regulator  of  BRCA1  activation  and  nuclear  foci  formation  in  response  to  IR 
in  a  number  of  breast  cancer  cell  lines.  However,  a  conundrum  exists  in  regards  to  the  role  of 
BRCC36  in  the  pathogenesis  of  breast  cancer.  We  observed  that  BRCC36  is  overexpressed  in 
the  vast  majority  of  breast  tumors,  suggesting  a  potential  oncogenic  mechanism.  However,  we 
discovered  a  deleterious  germline  BRCC36  mutation  in  a  breast  cancer  prone-kindred  that 
segregated  with  disease,  suggesting  a  tumor  suppressor  activity.  Therefore,  BRCC36  may 
behave  as  either  a  tumor  suppressor  or  an  oncogene  depending  on  the  level  of  expression  and  the 
proteins  it  interacts  with.  This  is  consistent  with  our  previous  studies  reporting  the  BRCC 
complex  containing  BRCA1-BARD1-BRCC45-BRCC36  has  enhanced  E3  ubiquitin  ligase 
activity  compared  to  that  of  BRCA1-BARD1  heterodimer  (Dong,  et  al.,  2003)  and  a  recent  study 
reporting  DUB  activity  when  presenting  in  BRCA1-BARD1-RAP80-BRCC36  (Sobhian,  et  al., 
2007).  These  findings  suggest  that  the  balance  between  synthesis  and  turnover  of  certain 
polyubiquiquitinated  structure  by  BRCA1-BARD1  E3  and  BRCC36  DUB  activities, 
respectively,  could  be  dynamic  and  dependent  on  the  level  of  BRCC36  and  other  protein  partners 
(e.g.,  BRCC45  or  RAP80)  in  the  complexes.  The  data  from  these  studies  suggest  that 
overexpression  or  inactivation  of  BRCC36  via  mutations  disrupts  the  normal  function  of  BRCA1 
(i.e.,  leading  to  a  BRCA1  null-like  phenotype)  and  contribute  to  the  development  of  breast 
cancer.  Future  efforts  could  be  focused  on  defining  if  BRCC36  functions  as  a  tumor  suppressor 
or  proto-oncogene  by  studying  its  roles  in  primary  breast  epithelial  cell  transformation.  Future 
studies  could  also  examine  the  role  of  Brcc36  in  mammary  tumorigenesis  using  mouse  models. 
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Abstract 

We  have  previously  reported  the  identification  and  charac¬ 
terization  of  a  novel  BRCA1/2  interacting  protein  complex, 
BRCC  (BRCAl/2-containing  complex).  BRCC36,  one  of  the 
proteins  in  BRCC,  directly  interacts  with  BRCA1,  and 
regulates  the  ubiquitin  E3  ligase  activity  of  BRCC.  Impor¬ 
tantly,  BRCC36  is  aberrantly  expressed  in  the  vast  majority  of 
breast  tumors,  indicating  a  potential  role  in  the  pathogenesis 
of  this  disease.  To  further  elucidate  the  functional  conse¬ 
quence  of  abnormal  BRCC36  expression  in  breast  cancer,  we 
have  done  in  vivo  silencing  studies  using  small  interfering 
RNAs  targeting  BBCC36  in  breast  cancer  cell  lines,  i.e.,  MCF-7, 
ZR-75-1,  and  T47D.  Knock-down  of  BRCC36  alone  does  not 
affect  cell  growth,  but  when  combined  with  ionizing  radiation 
(IR)  exposure,  it  leads  to  an  increase  in  the  percentage  of  cells 
undergoing  apoptosis  when  compared  with  the  small  inter¬ 
fering  RNA  control  group  in  breast  cancer  cells.  Immunoblot 
analysis  shows  that  inhibition  of  BRCC36  has  no  effect  on  the 
activation  of  ATM,  expression  of  p21  and  p53,  or  BRCA1- 
BARD1  interaction  following  IR  exposure.  Importantly,  BRCC36 
depletion  disrupts  IR-induced  phosphorylation  of  BRCA1. 
Immunofluorescent  staining  of  BRCA1  and  y-II2AX  indicates 
that  BRCC36  depletion  prevents  the  formation  of  BRCA1 
nuclear  foci  in  response  to  DNA  damage  in  breast  cancer 
cells.  These  results  show  that  down-regulation  of  BRCC36 
expression  impairs  the  DNA  repair  pathway  activated  in 
response  to  IR  by  inhibiting  BRCA1  activation,  thereby 
sensitizing  breast  cancer  cells  to  IR-induced  apoptosis. 
(Cancer  Res  2006;  66(10):  5039-46) 

Introduction 

Breast  cancer  is  the  most  common  cancer  affecting  women, 
with  a  woman’s  lifetime  risk  of  breast  cancer  at  ~  10%  by  the  age 
of  80  years.  In  the  U.S.,  it  was  estimated  that  in  2005,  ~  21 1,000 
new  cases  of  breast  cancer  were  diagnosed,  and  >40,000  deaths 
resulted  from  this  disease  (1).  Breast  cancer  is  a  genetically 
heterogeneous  disease,  and  germ  line  mutations  in  BRCA1  and 
BRCA2  genes  predispose  women  to  early  onset  breast  cancer  and/ 
or  ovarian  cancer  (2,  3).  Since  their  cloning  and  characterization 
in  the  mid-1990s  (4,  5),  BRCA1  and  BRCA2  proteins  have  been 
implicated  in  many  cellular  processes,  including  DNA  repair  and 
cell  cycle-checkpoint  control  (6-10).  BRCA1  has  also  been 
reported  to  be  involved  in  protein  ubiquitylation  and  chromatin 
remodeling  (11,  12).  Despite  the  fact  that  BRCA1  and  BRCA2 
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mutations  contribute  to  hereditary  breast/ ovarian  cancer  predis¬ 
position,  somatic  mutations  are  rarely  found  in  sporadic  breast 
cancers  (13-15).  Nevertheless,  evidence  is  accumulating  that 
dysfunction  of  other  genes,  coding  for  proteins  in  similar  or 
redundant  pathways  as  BRCA1  and  BRCA2,  might  be  important 
in  the  pathogenesis  of  a  significant  fraction  of  nonfamilial  breast 
cancers.  This  speculation  comes  from  several  lines  of  evidence, 
including  both  phenotypic  analyses  of  breast  and  ovarian  tumors, 
as  well  as  mechanistic  studies  of  BRCA1-  and  BRCA2-associated 
pathways  (16-18). 

We  have  previously  reported  a  novel  multiprotein  complex, 
termed  BRCC,  containing  seven  polypeptides  including  BRCA1, 
BRCA2,  BARD1,  and  RAD51  (19).  BRCC  is  an  ubiquitin  E3  ligase 
complex  exhibiting  an  E2-dependent  ubiquitination  of  the  tumor 
suppressor  p53.  In  this  multiprotein  complex,  one  of  these 
proteins,  referred  to  as  BRCC36,  has  been  found  to  be  associated 
with  BRCA1  and  BRCA2,  and  has  been  shown  to  play  an  important 
role  in  the  regulation  of  the  ubiquitin  E3  ligase  activity  of  BRCC. 
The  BRCC36  gene  is  located  at  the  Xq28  locus,  a  chromosomal 
break  point  in  patients  with  prolymphocytic  T  cell  leukemia  (20). 
BRCC36  displays  sequence  homology  with  the  human  Pohl/Padl 
subunit  of  the  26S  proteasome  and  with  subunit  5  (Jabl)  of  the 
COP9  signalosome  (19).  We  have  shown  that  cancer-associated 
mutations  in  BRCA1  abrogated  the  association  of  BRCC36  with 
BRCC  and  BRCA1  (19).  Furthermore,  reconstitution  of  a  recom¬ 
binant  four-subunit  BRCC  complex  containing  BRCA1/BARD1/ 
BRCC45/BRCC36  reveals  an  enhanced  E3  ligase  activity  compared 
with  that  of  BRCA1/BARD1  heterodimer  (19).  In  addition,  we  have 
reported  aberrant  expression  of  BRCC36  in  the  majority  of  breast 
cancer  cell  lines  and  invasive  ductal  carcinomas  (19).  The 
mechanism  and  consequences  of  abnormal  BRCC36  expression 
in  breast  cancer  are  presently  unknown. 

Previous  studies  have  shown  that  BRCA1  is  activated  via  the 
ATM/CHEK2  (CHK2)  signaling  pathway  following  the  exposure  of 
cells  to  DNA-damaging  agents  such  as  ionizing  radiation  (IR;  refs. 
21,  22).  Following  IR,  BRCA1  is  phosphorylated  and  forms  discrete 
nuclear  foci  (dots)  in  response  to  DNA  damage  (23).  Because 
BRCC36  directly  interacts  with  BRCA1,  we  investigated  the  effects 
of  knocking  down  BRCC36  expression,  using  small  interfering 
RNAs  (siRNA)  on  the  growth  and  apoptosis  of  breast  cancer  cells. 
We  further  determined  the  role  of  BRCC36  in  the  BRCA1- 
associated  DNA  repair  pathway  activation  following  DNA  damage. 
Here,  our  studies  show  that  BRCC36  is  a  direct  regulator  of  BRCA1 
activation  in  response  to  IR. 

Materials  and  Methods 

Cell  culture,  siRNA  transfection,  and  IR.  Nontumorigenic  epithelial 
cell  lines,  MCF-10F  and  12A  were  purchased  from  American  Type  Culture 
Collection  (Manassas,  VA)  and  cultured  in  DMEM/F12  with  reduced  Ca2+ 
(0.04  mmol/L  final),  20  ng/mL  epidermal  growth  factor,  100  ng/mL 
cholera  toxin,  0.01  mg/mL  insulin,  500  ng/mL  hydrocortisone,  and  5% 
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Chelex- treated  horse  serum.  The  human  breast  cancer  cell  lines,  MCF-7, 
T47D,  and  ZR-75-1,  were  also  obtained  from  the  American  Type  Culture 
Collection.  MCF-7  cells  were  maintained  in  DMEM  medium,  supple¬ 
mented  with  10%  fetal  bovine  serum,  penicillin,  and  streptomycin.  T47D 
and  ZR-75-1  cells  were  maintained  in  RPMI  1640,  supplemented  with 
10%  fetal  bovine  serum,  penicillin,  and  streptomycin.  293-BARD  1  cells 
were  generously  provided  by  Dr.  R.  Shiekhattar  (Wistar  Institute, 
Philadelphia,  PA)  and  were  maintained  in  MEM  (Eagle)  with  10%  heat- 
inactivated  horse  serum. 

For  the  BRCC36  depletion  studies,  breast  cancer  cells  were  plated  at  a 
density  of  5  x  103  cells/cm2.  After  reaching  30%  to  40%  confluence,  cells 
were  transfected  with  siRNA  using  OligofectAMINE  and  OPTI-MEM  I 
reduced  serum  medium  (Invitrogen/Life  Technologies,  Inc.,  Carlsbad,  CA) 
according  to  the  manufacturer’s  protocol.  The  siRNA  sequences  targeting 
BRCC36  corresponded  to  the  coding  region  253  to  273  bp  (5-AAGAG- 
GAAGGACCGAGTAGAA-3)  relative  to  the  start  codon.  The  corresponding 
siRNA  duplexes  with  the  following  sense  and  antisense  sequences  were 
used:  5'-GAGGAAGGACCGAGUAGAAdTdT  (sense)  and  5'-UUCUACUCG- 
GUCCUUCCUCdTdT  (antisense).  This  siRNA  has  been  used  in  a  previous 
study  (19),  as  well  as  another  siRNA  targeting  BRCC36  (corresponding  to 
the  coding  region  120-138  bp).  Both  resulted  in  similar  levels  of  transcript 
depletion.  Green  fluorescent  protein  siRNA  was  used  as  the  negative 
control.  All  of  the  siRNA  duplexes  were  synthesized  by  Dharmacon 
Research,  Inc.  (Lafayette,  CO)  using  2  -ACE  protection  chemistry.  Twenty- 
four  hours  after  the  initial  transfection,  cells  were  subcultured  and  replated 
at  5  X  103  cells/cm2.  The  cells  were  then  retransfected  under  similar 
conditions  24  hours  after  replating.  Seventy-two  hours  after  the  first 
transfection,  the  cells  were  irradiated  using  a  Cesium  137  irradiator  (model 
81-14R).  The  cells  received  4  Gy  total  IR  (1.132  Gy/min  for  3.53  minutes)  for 
a  targeted  50%  induction  of  apoptosis  (24).  Cells  were  then  grown  for  an 
additional  72  hours  prior  to  harvesting  and  further  analyses. 

RNA  isolation,  reverse  transcription,  and  quantitative  PCR.  Total 
cellular  RNA  was  isolated  from  cells  using  TRIzol  reagent  (Invitrogen) 
according  to  the  protocols  provided  by  the  manufacturer.  Total  RNA  (2  pg) 
was  used  as  a  template  to  be  reverse-transcribed  in  a  20  pL  reaction 
containing  5  pmol/L  random  hexamers,  500  pmol/L  of  deoxynucleoside 
triphosphate  mix,  lx  reverse  transcriptase  buffer,  5  mmol/L  MgCl2,  1.5 
units  of  RNase  inhibitor,  and  7.5  units  of  MuLV  reverse  transcriptase.  All 
reagents  were  obtained  from  Applied  Biosystems  (Branchburg,  NJ).  The 
reaction  conditions  were  as  follows:  10  minutes  at  25  °C,  1  hour  at  42  °C, 
and  5  minutes  at  94  °C.  The  cDNA  mixture  (0.625  pL)  was  used  in  a  real¬ 
time  PCR  reaction  (25  pL  total  volume)  done  with  ABI  7900HT  (Applied 
Biosystems)  following  protocols  recommended  by  the  manufacturer. 
Optimal  conditions  were  defined  as:  step  1,  95  °C  for  10  minutes;  step  2, 
95  °C  for  15  seconds,  60  °C  for  60  seconds  with  Optics,  repeated  for  40 
cycles.  The  relative  mRNA  expressions  of  BRCC36  were  adjusted  with 
(3-actin  (ACTB).  The  primer  and  probe  sets  used  for  real-time  PCR  were  as 
follows:  BRCC36,  forward  primer,  5'-AATTTCTCCAGAGCAGCTGTCTG; 
reverse  primer,  5'-CATGGCTTGTGTGCGAACAT;  TaqMan  probe,  (FAM) 
5'-AACTGACAGGCCGCC-CCATGAG-(BHQl);  (3-actin,  forward  primer,  5'- 
GCCAGGTCATCACCATTGG;  reverse  primer,  5'-GCGTACAGGTCTTTGCG- 
GAT;  TaqMan  probe,  (Cal  red)  5'-CGGTTCCGCTGCCCTGAGGC-(BHQ2). 

Coimmunoprecipitation.  293  cells  that  stably  express  FLAG-BARD  1 
(19)  at  70%  to  80%  confluence  were  washed  twice  with  ice-cold  D-PBS 
before  scraping  on  ice  with  lysis  buffer  [50  mmol/L  Tris-HCl  (pH  7.4),  with 
150  mmol/L  NaCl,  1  mmol/L  EDTA,  and  1%  Triton  X-100  and  one  tablet  of 
protease  inhibitor  mixture  per  40  mL  of  lysis  buffer  (Roche  Molecular 
Biochemicals,  Indianapolis,  IN)].  Cellular  debris  was  removed  by  centrifu¬ 
gation  (14,000  x  g  for  15  minutes  at  4°C),  and  protein  concentrations  were 
determined  using  the  Bio-Rad  detergent-compatible  protein  assay  reagent. 
Cell  lysate  (1.5  mg)  was  added  to  the  anti-FLAG  M2-agarose  affinity  gel 
(Sigma,  St.  Louis,  MO).  All  samples  were  placed  on  a  roller  shaker  overnight 
at  4°C.  After  centrifugation,  the  supernatants  were  removed  and  the  gel 
beads  were  washed  thrice  with  0.5  mL  of  wash  buffer  [50  mmol/L  Tris-HCl 
(pH  7.4),  with  150  mmol/L  NaCl].  The  beads  were  washed  an  additional 
four  times  with  the  wash  buffer,  resuspended  in  20  pL  of  2x  SDS  sample 
buffer  before  boiling  for  5  minutes.  Fifteen  microliters  of  immunoprecip- 


itate  were  separated  by  SDS-PAGE  electrophoresis  on  4%  to  20%  and  5% 
linear  gradient  Tris-HCl  ready  gels  (Bio-Rad,  Richmond,  CA). 

Western  blot  and  antibodies.  Cells  were  homogenized  in  lysis  buffer 
[20  mmol/L  Tris-HCl  (pH  7.5),  150  mmol/L  NaCl,  2.5  mmol/L  Na- 
pyrophosphate,  1  mmol/L  Na- (3-glycerophosphate,  20  mmol/L  NaF,  1 
mmol/L  Na3V04,  1  mmol/L  phenylmethylsulfonyl  fluoride,  1%  Triton  X-100, 
one  tablet  of  protease  inhibitor  mixture  (Roche  Molecular  Biochemicals)]. 
Cellular  debris  was  removed  by  centrifugation  as  above.  Protein  concen¬ 
trations  were  determined  with  Bio-Rad  detergent-compatible  protein  assay 
(Bio-Rad).  For  BRCA1  and  pATM,  cells  were  lysed  directly  in  Laemmli 
sample  buffer  (Bio-Rad).  Proteins  were  resolved  on  5%  (BRCA1  and  pATM) 
or  4%  to  20%  linear  gradient  ((3-actin,  p53,  p21,  and  RAD51)  SDS-PAGE 
ready  gels  at  120  V  for  1.5  to  3  hours  with  lx  SDS  running  buffer.  SDS- 
PAGE  gels  were  transferred  onto  an  Immobilon-P  polyvinylidene  difluoride 
membrane  (Millipore,  Bedford,  MA).  Primary  antibodies  used  for  Western 
analysis  were  mouse  anti-BRCAl  (1:100;  EMD  Biosciences,  San  Diego,  CA), 
mouse  anti-phosphorylated  ATM-S1981  (1:500;  Rockland,  Gilbertsville,  PA), 
mouse  anti-p53  (1:1,000,  Cell  Signaling,  Beverly,  MA),  mouse  anti-p21WAF 
(1:100,  EMD  Biosciences),  mouse  anti-RAD51  (1:500;  Upstate  Biotechnology, 
Lake  Placid,  NY),  mouse  anti-FLAG  M2  (1:1,000;  Sigma),  and  mouse  anti- 
(3-actin  (1:5,000;  Sigma).  Secondary  antibodies  were  mouse  and  rabbit  IgG, 
horseradish  peroxidase-linked  (1:10,000;  Amersham,  Piscataway,  NJ). 
Perkin-Elmer  Life  Sciences  renaissance  enhanced  luminol  reagents  (Boston, 
MA)  were  used  as  substrates  for  detection.  To  reprobe  immunoblot 
membranes,  Restore  Western  blot  stripping  buffer  (Pierce,  Rockford,  IL) 
was  used  to  strip  the  membrane. 

Apoptosis  assay.  Breast  cancer  cells  were  collected  by  trypsinization 
and  pelleted  by  centrifuging  for  5  minutes  at  800  x  g  at  4°C.  After  washing 
with  1  mL  of  ice-cold  lx  Nexin  buffer  (Guava  Technologies,  Hayward,  CA), 
the  cells  were  resuspended  in  100  pL  of  the  same  buffer.  After  labeling  with 
Annexin  V  and  7-amino  actinomycin  D,  the  proportion  of  apoptotic  cells 
was  determined  using  a  Guava  personal  cytometer  (Guava  Technologies) 
according  to  the  manufacturer’s  instruction.  Cell  apoptosis  was  also 
analyzed  using  a  terminal  nucleotidyl  transferase-mediated  nick  end 
labeling  (TUNEL)  assay.  In  brief,  breast  cancer  cells  were  grown  in  four-well 
chamber  slides  (Nalge  Nunc  International,  Rochester,  NY).  After  fixing  with 
4%  paraformaldehyde  in  PBS  and  permeabilizing  with  0.1%  Triton  X-100  in 
0.1%  sodium  citrate  solution,  apoptotic  cells  were  detected  using  an  in  situ 
cell  death  detection  kit  (Roche,  Germany)  according  to  the  manufacturer’s 
instructions.  At  least  1,200  cells  from  eight  independent  fields  were  counted 
to  evaluate  the  percentage  of  apoptotic  cells. 

Immunofluorescence  and  antibodies.  MCF-7,  ZR-75-1,  and  T47D  cells 
were  grown  in  four-well  chamber  slides  (Nalge  Nunc  International)  and 
processed  for  immunofluorescent  analysis  as  described  previously  (25).  For 
nuclear  foci  formation  and  colocalization  of  the  BRCA1  and  y-H2AX,  cells 
were  preextracted  in  protein  extraction  solution  (20  mmol/L  HEPES, 
50  mmol/L  NaCl,  3  mmol/L  MgCl2,  300  mmol/L  sucrose,  and  0.5%  Triton 
X-100),  fixed  in  3.7%  formaldehyde  (Fisher,  Pittsburgh,  PA)  in  PBS  for  10 
minutes  and  permeabilized  in  0.5%  NP40  in  PBS  prior  to  incubation  with 
the  following  antibodies:  rabbit  anti-BRCAl  (1:200;  Santa  Cruz  Biotech¬ 
nology,  Santa  Cruz,  CA)  and  mouse  anti-y-H2AX  (1:200;  Upstate 
Biotechnology).  Primary  antibodies  were  detected  with  tetramethyl 
rhodamine  isothiocyanate- conjugated  donkey  anti-rabbit  IgG  and  FITC- 
conjugated  donkey  anti-mouse  IgG  (1:100;  Jackson  ImmunoResearch,  West 
Grove,  PA).  DNA  was  counterstained  with  0.1  pg/mL  of  4^6'-diamidino- 
2-phenylindole  (Sigma)  and  mounted  in  embedding  medium  (0.1% 
/7-phenylene  diamine  in  90%  glycerol,  lx  PBS).  Microscopic  analysis  was 
carried  out  using  the  Eclipse  TE2000  (Nikon,  Melville,  NY)  and  images 
captured  using  a  Cascade  650  monochrome  camera  (PhotoMetrics, 
Huntington  Beach,  CA).  A  series  of  0.5-pm  sections  were  collected  for 
seven  fields  of  each  treatment  group.  Image  acquisition  from  a  Cascade 
650  monochrome  camera  (PhotoMetrics)  was  controlled  by  MetaVue 
(v6.2r6,  Universal  Imaging/Molecular  Devices,  Downingtown,  PA).  An 
automated  Ludl  MAC2000  x-y  stage  and  2-axis  motor  were  also  controlled 
using  the  MetaVue  software  (v6.2r6). 

Image  analysis.  Quantification  of  BRCA1  and  y-H2AX  nuclear  foci 
formation  was  done  with  Metamorph  software  (v6.1;  Universal  Imaging/ 
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Molecular  Devices).  In  brief,  a  series  of  Z-sections  for  each  channel  was 
reassembled  using  the  “maximum”  type  option  within  the  “3-D  recon¬ 
struction”  function.  Nuclei  were  defined  in  the  4,,6,-diamidino-2-phenyl- 
indole  channel  using  the  functions  of  “threshold  for  light  objects”  and 
“create  regions  from  objects.”  Adjacent  nuclei  were  separated  into 
independent  regions  using  the  “cut-drawing”  tool.  Regions  were  then 
transposed  onto  the  reassembled  image  for  each  digital  channel,  after 
background  was  removed  using  the  “flatten  background”  function,  and 
positive  signals  were  identified  by  manual  thresholding  (high,  2,836;  low, 
1,758).  For  each  nucleus,  the  number  of  the  BRCA1  or  7-H2AX  foci  was 
calculated  using  the  “foci  measure”  function.  Approximately  70  cells  of  each 
treatment  group  from  seven  independent  fields  were  analyzed  to  evaluate 
the  number  of  BRCA1  foci. 

Statistical  analysis.  Student’s  t  test  was  employed  using  SAS  software 
8.0  (SAS  Institute,  Cary,  NC).  P  <  0.05  was  considered  significant  and  results 
were  presented  as  the  mean  ±  SD. 

Results 

Inhibition  of  BRCC36  gene  expression  by  siRNA.  To  further 
elucidate  the  functional  consequence  of  BRCC36  aberrant  expres¬ 
sion  in  the  pathogenesis  of  breast  cancer,  we  did  in  vivo  silencing 
studies  targeting  BRCC36  in  MCF-7,  T47D,  and  ZR-75-1  breast 
cancer  cell  lines,  which  constitutively  expresses  high  levels  of 
BRCC36  transcript  relative  to  nontumorigenic  breast  epithelial 
cells,  i.e.,  MCF-10F  and  MCF12A  (Fig.  L4).  Because  antibodies 
specific  to  BRCC36  protein  are  not  available,  quantitative  PCR  was 
used  to  establish  constitutive  and  attenuated  BRCC36  mRNA  levels. 
We  used  siRNA  targeting  BRCC36  or  green  fluorescent  protein 
(negative  control)  to  assess  the  response  of  BRCC36  depletion  in 
breast  cancer  cells.  Various  siRNAs  to  BRCC36  were  previously 
evaluated  (19)  and  shown  to  be  effective  alone  or  in  combination; 
however,  for  the  purpose  of  these  studies,  5RCC36-siRNAl  was 
used.  Treatment  with  this  siRNA  resulted  in  a  >50%  to  80% 
decrease  in  BRCC36  mRNA  levels  in  comparison  to  mock-treated 
or  siRNA  control-transfected  cells  (P  <  0.05)  by  72  hours.  The 
greatest  level  of  suppression  was  observed  in  MCF-7  cells  (Fig.  IS). 

Abrogation  of  BRCC36 -enhanced  IR-induced  breast  cancer 
cell  apoptosis.  Following  depletion  of  BRCC36  via  siRNA,  MCF-7, 
ZR-75-1,  or  T47D  were  treated  with  and  without  IR  (4  Gy).  The 
cells  were  cultured  for  an  additional  72  hours  prior  to  harvesting 
and  were  examined  for  DNA  damage-induced  cell  apoptosis  via 
Annexin  V  and  7-amino  actinomycin  D  staining.  No  significant 
difference  in  the  fraction  of  cells  undergoing  apoptosis  in  mock- 
treated,  siRNA  control-transfected,  or  siRNA-BSCC36-transfected 
cells  was  observed  in  the  absence  of  IR,  indicating  that  depletion 
of  BRCC36  alone  is  not  lethal  (Fig.  2 A;  data  not  shown).  However, 
when  combined  with  BRCC36  knock-down,  IR  exposure  led  to  a 
significant  increase  in  the  percentage  of  MCF-7  cells  that  undergo 
apoptosis  (45.9  ±  4.3%)  when  compared  with  the  siRNA  control 
group  (34.9  ±  1.9%,  P  <  0.05;  Fig.  24 ;  Table  1).  Consistent  with 
these  results,  the  overall  cell  viability  was  substantially  lower  in 
s  iRN  A  -BRCC36 -treated  cells  following  IR  as  compared  with 
control  cells  (50.9  ±  5.8%  versus  58.4  ±  5.7%;  Table  1).  Similar 
results  were  observed  in  T47D  cells  treated  with  siRNA-BRCC36 
and  IR  versus  controls  (42.2  ±  4.5%  versus  23.3  ±  1.9%,  P  <  0.05; 
Fig.  2 A;  Table  1).  Although  the  trend  was  evident  for  ZR-75-1  cells, 
the  fraction  of  cells  undergoing  apoptosis  following  depletion  of 
BRCC36  and  IR  were  not  statistically  significantly  different  (data 
not  shown).  Induction  of  apoptosis  was  confirmed  using  a  TUNEL 
assay  and  MCF-7  cells  (Fig.  2 B).  The  combination  of  BRCC36 
siRNA  abrogation  and  IR  exposure  again  resulted  in  a  significant 
increase  in  the  fraction  of  cells  undergoing  apoptosis  when 


compared  with  the  siRNA  control-treated  cells  (40.9  ±  2.7% 
versus  24.9  ±  3.3%,  P  <  0.05;  Fig.  2C). 

Inhibition  of  BRCC36  disrupted  BRCA1  phosphorylation  in 
breast  cancer  cells  exposed  to  IR.  Previous  studies  have 
indicated  that  the  BRCA1  protein  is  phosphorylated  in  response 
to  DNA-damaging  agents  (23).  Because  BRCC36  directly  interacts 
with  BRCA1  (19),  we  examined  the  effect  of  BRCC36  depletion  on 
BRCAl-associated  DNA  repair/damage  pathways.  MCF-7  cells 
were  treated  with  siRNA  targeting  BRCC36,  and  then  exposed  to  4 
Gy  of  IR  to  induce  DNA  damage.  MCF-7  cells  were  harvested  2 
hours  after  IR.  Western  blot  analysis  was  carried  out  to  examine 
the  expression  and  modification  of  BRCA1,  p21,  p53,  and  ATM. 
Western  analysis  clearly  shows  that  DNA  damage  induced  by  IR 
resulted  in  increased  expression  of  p21,  stabilization  of  p53,  and 
phosphorylation  of  BRCA1  and  ATM  (S1981)  as  expected  (Fig.  3). 
This  same  pattern  was  observed  in  siRNA  control-treated  cells. 
Importantly,  the  reduction  of  BRCC36  blocked  IR-induced 
phosphorylation  of  BRCA1.  In  comparison,  BRCC36  knock-down 
had  no  effect  on  IR-induced  expression  of  p21,  stabilization  of 
p53,  and  phosphorylation  of  ATM. 

Effects  of  inhibition  of  BRCC36  on  integrity  of  BRCA1- 
BARD1  heterodimer.  To  determine  if  depletion  of  BRCC36  affects 
the  integrity  of  the  BRCA1-BARD1  heterodimer,  we  targeted 
BRCC36  mRNA  in  a  293-derived  cell  line  expressing  FLAG-BARD  1 


MCF-10F  MCF-12A  MCF-7  T47D  ZR-75-1 


MCF-7  T47D  ZR-75-1 


Figure  1.  Abrogation  of  BRCC36  expression  by  siRNA  treatment.  Quantitative 
reverse  transcription-PCR  analysis  was  done  to  examine  the  gene  expression  of 
BRCC36.  The  relative  level  of  BRCC36  expression  was  adjusted  with  p-actin 
(ACTB).  A,  BRCC36  expression  in  nontumorigenic  (MCF-10F  and  MCF12A) 
and  tumorigenic  (MCF-7,  ZR-75-1 ,  and  T47D)  breast  epithelial  cell  lines.  S, 
BRCC36  expression  in  breast  cancer  cell  lines  after  siRNA  treatment  (P  <  0.05). 
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Figure  2.  Apoptosis  analysis  in  breast  cells  exposed  to  IR.  A,  MCF-7  and  T47D  cells  were  mock  treated  ( non-siRNA )  or  were  transfected  with  siRNA-control 
or  siRNA-BRCC36  prior  to  IR  exposure.  The  proportion  of  apoptotic  cells  was  measured  following  Annexin  V  and  7-amino  actinomycin  D  staining  using  a 
Guava  personal  cytometer.  All  studies  were  done  in  triplicate.  B,  TUNEL  labeling  was  done  to  detect  apoptotic  MCF-7  cells  ( light  green)  following  exposure 
to  IR.  C,  data  analysis  of  the  TUNEL  assay.  At  least  1,200  cells  of  each  treatment  group  from  eight  independent  fields  were  counted  to  evaluate  the  percentage 
of  apoptotic  cells. 


Cancer  Res  2006;  66:  (10).  May  15,  2006 


5042 


www.aacrjournals.org 


Chen,  Xiaowei 

BRCC36  Depletion  in  IR-Induced  BRCA1  Activation 


Table  1.  Nexin  assay  in  breast  cancer  cells  exposed  to  IR 


MCF-7 

T47D 

Viable  cells  (%) 

Apoptotic  cells  (%) 

Viable  cells  (%) 

Apoptotic  cells  (%) 

Non-siRNA 

57.3  ±  7.2 

34.4  ±  4.5 

68.5  ±  0.3 

26.5  ±  0.4 

siRNA-Control 

58.4  ±  5.7 

34.9  ±  1.9 

70.5  ±  2.3 

23.3  ±  1.9 

siRNA-BRCC36 

50.9  ±  5.8 

45.9  ±  4.3s 

52.7  ±  2.4 

42.2  ±  4.5* 

•  siRNA-BRCC36  versus  siRNA-Control  (Student’s  t  test,  P  <  0.05). 


(19).  Immunoprecipitation  was  done  using  anti-FLAG  on  lysates 
prepared  from  cells  transfected  with  the  BRCC36  or  control 
siRNAs.  BRCA1  and  BARD1  were  examined  with  SDS-PAGE  and 
Western  blot.  Reduction  of  BRCC36  did  not  seem  to  alter  the 
BRCA1-BARD1  interaction  in  either  untreated  or  IR-treated  cells 
(Fig.  4). 

Inhibition  of  BRCC36  disrupts  BRCA1  nuclear  foci  forma¬ 
tion  in  breast  cancer  cells  exposed  to  IR.  It  is  well  characterized 
that  BRCA1  localizes  to  discrete  nuclear  foci  (dots)  during  S  phase 
or  in  response  to  DNA  damage.  In  our  previous  report,  we  showed 
that  BRCC36  directly  interacts  with  BRCA1  at  the  region 
encompassing  amino  acids  502  to  1,054  (19).  This  region  falls 
within  the  BRCA1  DNA-binding  domain  (amino  acids  452-1079). 
Because  the  DNA-binding  domain  has  been  shown  to  contribute  to 
the  BRCA1  relocalization  after  DNA  damage  (23,  26),  we  sought  to 
evaluate  the  role  of  BRCC36  in  the  formation  of  BRCA1  nuclear 
foci  in  response  to  DNA  damage.  MCF-7,  T47D,  and  ZR-75-1  cells, 
mock-treated  or  transfected  with  siRNA-control  or  siRNA-JSRCC36, 
were  exposed  to  IR  (4  Gy),  and  were  evaluated  for  BRCA1  and 


y-H2AX  subcellular  location.  Recent  studies  have  shown  that  the 
three  breast  cancer  cell  lines  used  in  this  study  possess  wild-type 
BRCA1  (27).  As  shown  in  Fig.  5,  BRCC36  deficiency  inhibits  BRCA1 
focus  formation  as  compared  with  mock-treated  and  siRNA 
control-transfected  cells.  Importantly,  y-H2AX  response  to  IR 
was  unaffected  in  the  cells  transfected  with  BRCC36  siRNA 
(Fig.  5 A-C).  Quantification  of  BRCA1  nuclear  foci  showed  that 
siRNA-BRCC36  transfection  in  MCF-7  cells  resulted  in  63%  and 
52%  decrease  compared  with  siRNA-control  cells  at  2  and  4  hours 
post-IR,  respectively  (P  <  0.05;  Fig.  5 D  and  E).  Similar  results  were 
observed  in  T47D  (49%  and  36%)  and  ZR-75-1  (59%  and  71%)  cells 
(Fig.  5 D  and  E).  Collectively,  these  results  show  that  down- 
regulation  of  BRCC36  expression  impairs  the  DNA  repair  pathway 
activated  in  response  to  IR  by  inhibiting  BRCA1  activation. 

Discussion 

In  this  study,  we  have  evaluated  the  role  of  BRCC36  in  the  ATM/ 
BRCA1  DNA  repair  pathway  in  breast  cancer  cells  in  response  to 
IR.  The  key  findings  of  this  work  lie  in  the  following:  first,  we  have 
shown  that  the  depletion  of  BRCC36  mRNA  enhances  IR-induced 
apoptosis  of  breast  cancer  cells  (Fig.  2).  Second,  the  reduction  of 
BRCC36  prevents  the  IR-induced  activation  of  BRCA1  whereas 
other  IR  response  proteins,  such  as  ATM,  p53  and  p21,  are 
unaffected  (Fig.  3).  Third,  BRCC36  abrogation  inhibits  the 
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Figure  3.  Activation  of  BRCA1  in  response  to  IR  treatment.  MCF-7,  MCF-7/ 
siRNA  control  and  MCF-7/siRNA-BRCC36  cells  were  treated  with  or  without  IR 
(4  Gy),  and  cells  were  evaluated  2  hours  after  radiation  exposure.  BRCA1 
protein  was  evaluated  by  immunoblotting  with  anti-BRCAl  antibody  and 
shifts  in  the  mobility  of  the  protein  bands  indicated  phosphorylated  and 
unphosphorylated  protein.  The  protein  levels  of  phosphorylated  ATM,  p53,  and 
p21  were  determined  by  immunoblotting  with  anti-p-ATM,  anti-p53,  and 
anti-p21  antibodies,  respectively.  Protein  loading  levels  were  evaluated  by 
immunoblotting  with  anti-p-actin  antibody. 


Figure  4.  Effects  of  inhibition  of  BRCC36  on  the  integrity  of  BRCA1-BARD1 
heterodimer.  293-BARDI-FLAG  cells  were  transfected  with  either  siRNA-GFP 
(siRNA  Control)  or  siRNA -BRCC36.  Transfected  cells  were  then  treated 
with  4  Gy  IR  and  were  incubated  for  2  hours  before  harvesting.  293  cell  lysate 
(1.5  mg;  control  or  BRCC36-siRNA  transfected)  was  incubated  with 
ANTI-FLAG  M2-agarose  affinity  gel.  Immunoprecipitates  were  separated  by 
SDS-PAGE  electrophoresis.  The  protein  levels  of  BRCA1  and  BARD1  were 
determined  by  immunoblotting  with  anti-BRCAl  and  anti-BARDI  antibody, 
respectively  (NC,  negative  control). 
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Figure  5.  BRCA1  nuclear  foci  formation  in  breast  cancer  cells  following  IR  exposure.  MCF-7,  ZR-75-1 ,  and  T47D  cells  were  mock-treated  (non-siRNA)  or  transfected 
with  siRNA-CON  or  siRNA-BRCC36.  Transfected  cells  were  then  treated  with  4  Gy  IR  and  were  incubated  for  2  or  4  additional  hours.  After  pre-extraction  and 
fixation,  transfection  cells  then  were  immunostained  for  BRCA1  and  7-H2AX.  Microscopic  analysis  was  carried  out  using  the  Nikon  Eclipse  TE2000  and  a  Cascade 
650  monochrome  camera.  Quantification  of  BRCA1  nuclear  foci  formation  was  done  with  Metamorph  software  (v6.1.).  A,  BRCA1  and  7-H2AX  nuclear  foci 
formation  without  IR  exposure.  B,  BRCA1  and  7-H2AX  nuclear  foci  formation  at  2  hours  post-IR  exposure.  C,  BRCA1  and  7-H2AX  nuclear  foci  formation  at  4  hours 
post-IR  exposure. 
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Figure  5  Continued.  Quantification  of  BRCA1  (D)  and  -y-H2AX  ( E )  nuclear  foci 
formation  without  IR  or  at  2  and  4  hours  post-IR  exposure.  Approximately 
70  cells  in  each  treatment  group  from  seven  independent  fields  were  analyzed 
to  evaluate  the  number  of  BRCA1  or  7-H2AX  nuclear  foci. 

formation  of  BRCA1  nuclear  foci  following  IR,  without  preventing 
the  interaction  of  BRCA1  with  its  well-characterized  binding 
partner,  BARD1  (Figs.  4  and  5;  data  not  shown). 

The  damage  caused  by  IR  activates  various  DNA  repair 
pathways,  including  the  ATM/ATR/CHEK2  pathways  (21,  28). 
The  central  component  of  these  DNA  repair  pathways  is  ATM 
kinase  (29).  ATM  is  activated  by  DNA  damage  and  phosphorylates 
multiple  factors,  including  BRCA1  and  p53,  which  are  involved  in 


DNA  repair,  apoptosis  and  cell  cycle  arrest  (21,  30,  31).  As  our 
results  indicate,  depletion  of  BRCC36  expression  by  siRNAi  blocks 
BRCA1  activation,  i.e.,  phosphorylation  and  nuclear  foci  formation 
in  breast  cancer  cells  following  IR  exposure,  but  has  no  direct 
effect  on  IR-induced  apoptosis.  Because  of  the  role  of  BRCA1  in 
DNA  repair,  we  propose  that  disrupting  BRCA1  activation  by 
BRCC36  depletion  creates  an  imbalance  between  the  DNA  repair/ 
cell  survival  and  DNA  damage/cell  apoptosis  pathways  in  cells 
following  IR  exposure  (Fig.  6).  As  a  result,  BRCC36  depletion  seems 
to  substantially  sensitize  breast  cancer  cells  to  IR-induced 
apoptosis.  However,  it  should  be  noted  that  these  studies  were 
done  in  a  limited  number  of  breast  cancer  cell  lines,  the  caveat 
being  that  the  DNA  damage  response  may  be  altered  in  any  or  all 
cancer  cell  lines. 

BRCA1  has  been  examined  for  a  possible  role  in  the  development 
of  radioresistant  breast  tumors.  In  fact,  researchers  have  reported 
that  BRCAl-deficient  breast  cancer  cells  have  an  increased 
sensitivity  to  IR  (32).  More  recent  studies  have  focused  on  the 
genes  that  code  for  proteins  with  equivalent/complementary 
functions  to  BRCA1  or  function  in  the  same  pathway  as  BRCA1. 
A  number  of  studies  (33-37)  have  reported  that  manipulation  of 
BRCAl-associated  proteins  affects  cellular  resistance  or  sensitivity 
to  IR.  The  abnormal  change  (loss  or  gain)  of  any  component  in 
these  BRCAl-related  protein  complexes  may  lead  to  their 
functional  defects,  which  would  result  in  a  “BRCA1  null”  phenotype. 
This  may  begin  to  explain  why  BRCA1  itself  is  rarely  mutated  and 
only  occasionally  ( ~  10%)  epigenetically  down-regulated  in  spo¬ 
radic  diseases  (18,  38).  Therefore,  BRCAl-associated  proteins, 
including  BRCC  proteins,  may  serve  as  potential  targets  for  the 
treatment  of  breast  cancer,  including  radiation  therapy. 

In  a  previous  report,  we  have  shown  that  BRCC36  directly 
interacts  with  amino  acids  502  to  1,054  of  BRCA1  (19).  In  our 
current  study,  we  have  found  that  IR  induced-BRCAl  nuclear  foci 
formation  is  disrupted  in  BRCC36-depleted  breast  cancer  cells 
(Fig.  5).  The  mechanism  by  which  BRCC36  interferes  with  IR 
induced-BRCAl  localization  is  not  clear.  Previous  studies  have 
shown  that  BRCA1  consists  of  a  DNA-binding  domain  region 
encompassing  amino  acids  452  to  1,079,  and  this  BRCA1  DNA- 
binding  domain  contributes  to  the  DNA  repair-related  functions 
of  BRCA1,  including  the  BRCA1  relocalization  after  DNA  damage 


Figure  6.  Model  illustrating  the  potential  role  of  BRCC36  in  the 
BRCAl-associated  DNA  repair  pathway  in  response  to  IR. 
BRCA1,  p53,  and  CHEK2  are  phosphorylated  by  ATM  following 
DNA  damage  by  IR;  BRCA1  and  p53  are  involved  in  DNA  repair 
and  apoptosis,  respectively.  This  activation  leads  to  recruitment 
of  many  proteins  to  the  site  of  the  DNA  damage,  including 
BARD1,  RAD51,  BRCA2,  and  presumably  BRCC36.  Depletion  of 
BRCC36  via  siRNAs  prevents  the  phosphorylation  of  BRCA1 
and  disrupts  BRCA1  nuclear  foci  formation  following  IR,  whereas 
7-H2AX  remains  associated  with  regions  of  DNA  damage.  Due 
to  the  role  of  BRCA1  in  DNA  repair,  the  balance  between  the  DNA 
repair/cell  survival  and  DNA  damage/cell  apoptosis  is  disrupted 
and  depletion  of  BRCC36  therefore  sensitizes  breast  cancer  cells 
to  IR-induced  apoptosis. 
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(23).  The  function  of  BRCA1  DNA-binding  domain  has  been 
reported  to  be  partially  mediated  through  a  protein  complex, 
termed  as  BRCAl-associated  surveillance  complex  (BASC;  ref.  26). 
Interestingly,  the  location  of  BRCA1  DNA-binding  domain 
coincides  with  the  region  that  BRCC36  binds  to,  i.e.,  amino  acids 
452  to  1,079  versus  amino  acids  502  to  1,054  of  BRCA1, 
respectively.  In  this  study,  we  have  found  that  depletion  of 
BRCC36  by  siRNA  knock-down  prevents  the  phosphorylation  of 
BRCA1  following  IR  (Fig.  3).  Previous  studies  have  shown  that 
BRCA1  is  bound  and  phosphorylated  by  the  ATM  kinase  and  the 
Go-M  control  kinase  (CHEK2)  after  IR  (21,  39,  40).  Coincidentally, 
a  host  of  studies  have  suggested  that  ATM  and  CHEK2  also  bind 
to  this  central  region  of  BRCA1  [reviewed  by  Narod  and  Foulkes 
(38)].  These  findings  may  provide  insight  as  to  why  depletion  of 
BRCC36  in  our  studies  inhibits  BRCA1  activation,  e.g.,  BRCC36 
could  help  recruit  BRCA1  to  ATM  and  CHEK2  or  stabilize  their 
interactions  following  activation  of  the  DNA  damage  response 
pathway.  Our  future  studies  are  geared  towards  determining  if 
BRCC36  remains  associated  with  activated  BRCA1  or  whether 
BRCC36  must  be  displaced  prior  to  phosphorylation  by  ATM  and 
CHEK2.  We  have  begun  to  explore  these  questions  and  have 
found  that  BARD1  and  RAD51  remain  associated  with  BRCA1 
following  BRCC36  depletion  (Fig.  4;  data  not  shown).  However, 


we  have  yet  to  determine  if  BRCC36  depletion  affects  the  inter¬ 
action  between  BRCA1  and  ATM  and/or  CHEK2  (data  not  shown). 

Overall,  our  studies  define  BRCC36  as  a  direct  regulator  of 
BRCA1  activation  and  nuclear  foci  formation  in  response  to  IR  in  a 
number  of  breast  cancer  cell  lines.  Our  results  suggest  that  down- 
regulation  of  BRCC36  expression  impairs  the  DNA  repair  pathway 
activated  in  response  to  IR  and  seems  to  sensitize  breast  cancer 
cells  to  IR-induced  apoptosis.  Therefore,  it  is  intriguing  to 
speculate  that  targeting  BRCC36  may  aid  in  the  treatment  of 
radiation-resistant  breast  tumors. 
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Germline  mutations  in  the  human  breast  cancer  susceptibility  genes  BRCA1  and  BRCA2  account  for  the 
majority  of  hereditary  breast  and  ovarian  cancer.  In  spite  of  the  large  number  of  sequence  variants  identified  in 
BRCA 1  and  BRCA2  mutation  analyses,  many  of  these  genetic  alterations  are  still  classified  as  variants  of 
unknown  significance  (VUS).  In  this  study,  we  evaluated  12  BRCA  1/2  intronic  variants  in  order  to  differentiate 
their  pathogenic  or  polymorphic  effects  on  the  rnRNA  splicing  process.  We  detected  the  existence  of  aberrant 
splicing  in  three  BRCA1  variants  (c.301-2delA/IVS6-2delA,  c.441  +  1G>A/IVS7  +  1G>A,  and  C.4986+ 
6T>G/IVS16  +  6T>G)  and  two  BRCA2  variants  (c.8487  +  1G>A/IVS19+1G>A  and  c.8632-2A> 
G/IVS20-2A  >G).  All  but  one  of  the  aberrant  transcripts  arise  from  mutations  affecting  the  conserved  splice 
acceptor  or  donor  sequences  and  all  would  be  predicted  to  result  in  expression  of  truncated  BRCAl  or  BRCA2 
proteins.  However,  we  demonstrated  that  four  of  these  splice-site  mutations  (i.e.,  c.301-2delA,  c.441  +  1G>A, 
c.4986  +  6T>G,  and  C.8632-2A  >G)  with  premature  termination  codons  were  highly  unstable  and  were 
unlikely  to  encode  for  abundant  expression  of  a  mutant  protein.  Three  variants  of  BRCAl  (c.212  +  3A>G/ 

IVS5  +  3A>G,  c.593+8A>G/IVS9  +  8A>G,  and  c.4986-20A>G/IVS16-20A>G)  and  four  variants  of 
BRCA2  (c.516-19C>T/IVS6-19C>T,  c.7976-4_7976_3delTT/IVS17-4delTT,  c.8487  +  19A>G/IVS19+ 

19A>G,  and  C.9256-18C > A/IVS24-18C  >  A)  in  our  studies  show  no  effects  on  the  normal  splicing  process, 
and  they  are  considered  to  be  benign  polymorphic  alterations.  Our  studies  help  to  clarify  the  aberrant  splicing  in 
BRCAl  and  BRCA2  as  well  as  provide  information  that  can  be  used  clinically  to  help  counsel  breast/ovarian 
cancer  prone  families.  Hum  Mutat  27(5),  427-435,  2006.  Published  2006  Wiley-Liss,  Inc.1 

KEYWORDS:  BRCAl;  BRCA2;  splicing;  nonsense -mediated  mRNA  decay;  NMD;  variants  of  unknown  significance; 
breast  cancer;  ovarian  cancer 


INTRODUCTION 

Germline  mutations  in  human  breast  cancer  susceptibility 
genes,  BRCAl  (MIM#  113705)  and  BRCA2  (MIM#  600185), 
are  responsible  for  the  vast  majority  of  hereditary  breast  and 
ovarian  cancer  [Bove  et  al.,  2002;  Ford  et  al.,  1998].  The  lifetime 
risk  of  cancer  among  female  BRCAl  or  BRCA2  mutation  carriers 
is  estimated  to  be  between  36  and  85%  for  breast  cancer  and 
between  16  and  60%  for  ovarian  cancer  [Breast  Cancer  Linkage 
Consortium,  1999;  King  et  al.,  2003;  Malone  et  al.,  2000].  To  date, 
approximately  3,400  sequence  variants  (listed  online  at  the  Breast 
Cancer  Information  Core  [BIC] ;  http://research.nhgri.nih.gov/bic) 
in  each  of  these  genes  have  been  identified  by  extensive 
mutational  analyses  since  their  cloning  and  characterization  in 
the  mid-1990s  [Frank  et  al.,  2002;  Miki  et  al.,  1994;  Wooster 
et  al.,  1995].  However,  in  spite  of  the  large  number  of  sequence 
variants  in  BRCAl  and  BRCA2,  only  frameshifts  (insertions/ 
deletions),  splice-sites,  nonsense  mutations,  and  a  few  missense 
mutations  are  accepted  as  disease-associated  genetic  alterations 
[Breast  Cancer  Linkage  Consortium,  1999;  Frank  et  al.,  1998; 
Shattuck-Eidens  et  al.,  1997].  Little  has  been  done  with  respect  to 
other  types  of  mutations,  including  intronic  variants,  to  investigate 
their  possible  roles  in  the  predisposition  to  breast  and  ovarian 
cancer  [Arnold  et  al.,  2002].  These  genetic  alterations,  therefore, 
are  typically  classified  as  variants  of  unknown/uncertain  signifi- 

PUBLISHED  2006  WILEY-LISS,  INC. 


cance  (VUS).  These  VUSs  pose  a  clinical  challenge  in  the 
management  of  patients  from  cancer-prone  families.  Because  of 
their  unknown  functional  significance,  the  medical  management 
of  individuals  in  these  families  remains  a  dilemma. 

Among  these  VUSs,  alterations  occurring  in  intron-exon 
boundaries  of  BRCAl  and  BRCA2  have  potential  impacts  on 
splicing  fidelity.  A  previous  study  has  demonstrated  that  variants 
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at  the  splicing  sites  affecting  mRNA  processing  account  for  15% 
of  point  mutations  that  associate  with  the  genetic  diseases 
[Krawczak  et  al.,  1992].  Approximately  5%  of  all  BRCA1  and 
BRCA2  alterations  are  splice -site  mutations  (http://research. 
nhgri.nih.gov/bic).  However,  only  a  few  of  these  mutations  have 
been  examined  for  their  effects  on  BRCA1  and  BRCA2  mRNA 
splicing  fidelity  [Agata  et  al.,  2003;  Brose  et  al.,  2004;  Campos 
et  al.,  2003;  Claes  et  al.,  2003;  Fetzer  et  al.,  1999;  Keaton  et  al., 
2003;  Laskie  Ostrow  et  al.,  2001;  Pyne  et  al.,  2000;  Scholl  et  al., 
1999]  and  few  if  any  have  been  evaluated  for  their  effect  on  the 
stability  of  the  mutant  transcripts. 

Alterations  within  splicing  sites  of  BRCA1  and  BRCA2  also 
have  potential  impacts  on  mRNA  transcript  stability,  because  the 
mutant  allele  caused  by  aberrant  splicing  may  contain  a  premature 
termination  codon  (PTC)  which  could  activate  the  nonsense  - 
mediated  mRNA  decay  (NMD)  pathway.  NMD  represents  a 
phylogenetically  widely  conserved  splicing-  and  translation- 
dependent  mechanism  that  eliminates  transcripts  with  PTCs  and 
suppresses  the  accumulation  of  C-terminally  truncated  peptides 
[Frischmeyer  and  Dietz,  1999;  Weischenfeldt  et  al.,  2005]. 
Elimination  of  frameshift  transcripts  that  result  from  aberrant 
splicing  has  been  suggested  as  an  important  function  of  NMD 
[Frischmeyer  and  Dietz,  1999;  Weischenfeldt  et  al.,  2005]. 
Blocking  NMD  with  translation  inhibitor,  e.g.,  puromycin,  has 
been  used  to  help  detect  aberrant  spliced  alleles  which  contain 
PTCs  [Andreutti-Zaugg  et  al.,  1997;  Nomura  et  al.,  2000]. 

As  a  result  of  mutation  screening  of  BRCA1  and  BRCA2 
in  hundreds  of  breast  cancer  prone  kindreds,  we  identified  six 
BRCA1  and  six  BRCA2  intronic  alterations  that  are  located  at  or 
near  an  exon-intron  boundary.  The  purpose  of  this  study  was  to 
characterize  these  12  BRCA1/2  variants  in  order  to  differentiate 
their  pathogenic  or  polymorphic  effects  on  mRNA  splicing  and 
expression.  Our  studies  further  defined  the  consequence  of  these 
sequence  variants  on  RNA  splicing  and  provided  information 
regarding  stability  of  the  various  mutant  transcripts. 

MATERIALS  AND  METHODS 
Nomenclature  and  Databases 

Both  the  Human  Genetic  Variation  Society  (HGVS)  approved 
guidelines  (www.hgvs.org/mutnomen)  and  the  BIC  (Breast  Cancer 
Information  Core;  http://research.nhgri.nih.gov/bic)  traditional 
system  have  been  used  in  our  studies  for  BRCA1  and  BRCA2 
nomenclature.  In  order  to  achieve  the  accuracy  and  also  facilitate 
the  published  data  comparison,  an  alteration  was  expressed  as 
“HGVS  approved/BIC  Traditional”  when  it  first  appeared  in  the 
article.  RefSeqs  (GenBank  accession  no.  NM_007295.2  and 
NM_000059.1)  have  been  used  for  HGVS-approved  BRCA1 
and  BRCA2  DNA  and  mRNA  numbering,  respectively.  RefSeqs 
(GenBank  accession  no.  NP_009226.1  and  NP_000050.1)  have 
been  used  for  HGVS-approved  BRCA1  and  BRCA2  amino  acid 
numbering,  respectively.  The  A  of  the  ATG  translation  initiation 
codon  is  +1,  according  to  approved  guidelines.  RefSeqs  (GenBank 
accession  no.  U14680  and  U43746)  have  been  used  for  BIC 
traditional  BRCA1  and  BRCA2  numbering,  respectively. 

Family  Risk  Assessment  Program  (FRAP)  and  BRCA1 
and  BRCA2  Mutation  Analysis 

Women  with  a  family  history  of  breast  and  ovarian  cancer  who 
were  enrolled  in  the  Family  Risk  Assessment  Program  (FRAP) 
were  eligible  for  the  present  study.  The  FRAP  was  designed  to 
provide  education  and  cancer  risk  counseling  for  women  with  at 
least  one  first-degree  relative  (i.e.,  mother,  sister,  or  daughter)  with 
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breast  or  ovarian  cancer.  Blood  samples  were  collected  following 
informed  consent  for  participating  in  various  FRAP-directed 
research  studies  including  genetic  susceptibility  testing.  Constitu¬ 
tional  DNAs  isolated  from  375  participants’  lymphocytes  were 
screened  for  mutations  in  BRCAl  and  BRCA2  as  previously 
described  [Andrulis  et  al.,  2002;  Kulinski  et  al.,  2000;  Oleykowski 
et  al.,  1998]. 

Lymphoblastoid  Cell  Lines  (LCL) 

Lymphocytes  isolated  from  FRAP  blood  samples  were  infected 
with  Epstein-Barr  virus  (EBV)  to  establish  the  immortal 
lymphoblastoid  cell  lines  (LCLs).  LCLs  were  maintained  in  RPMI 
media  (GIBCO  BRL,  Gaithersburg,  MD;  www.gibcobrl.com) 
supplemented  with  20%  fetal  calf  serum  (FCS)  and  antibiotics 
at  37°C,  5%  CO2  atmospheric  conditions,  and  95%  humidity.  The 
immortalized  LCLs  from  cancer-free  individuals  who  had  tested 
negative  for  mutations  in  BRCA 1  and  BRCA2  served  as  wild-type 
controls.  To  prevent  potential  degradation  of  unstable  transcripts 
by  nonsense -mediated  mRNA  decay,  a  translational  inhibitor, 
puromycin  (Sigma,  St.  Louis,  MO;  www.sigmaaldrich.com),  was 
added  to  the  EBV  cells  at  the  concentration  of  200  pg/ml  for  14  hr 
before  total  RNAs  were  isolated. 

RNA  Isolation  and  RT-PCR 

Total  cellular  RNA  was  isolated  using  TRIzol  reagent  (Invitrogen, 
Carlsbad,  CA;  www.invitrogen.com),  according  to  the  protocols 
provided  by  the  manufacturer  (www.invitrogen.com/content/sfs/ 
manuals/10296010.pdf).  Purified  RNA  samples  were  further 
processed  with  DNA-free  kit  as  suggested  by  the  manufacturer 
(Ambion,  Houston,  TX;  www.ambion.com).  After  quantification 
with  a  Bioanalyzer-2100  system  using  RNA  6000  Nano  LabChip 
kits  (Agilent  Technologies,  Palo  Alto,  CA;  www.agilent.com),  2  pg 
of  total  RNA  from  each  sample  was  used  as  a  template  to  be 
reverse-transcribed  (RT)  in  a  20-pl  reaction,  which  also  contained 
5  pM  random  hexamers,  500  pM  deoxynucleoside  triphosphate 
mix,  1  x  reverse  transcriptase  buffer,  5  mM  MgCb,  1 .5  units  of 
RNase  inhibitor,  and  7.5  units  of  MuLV  RTase.  All  reagents  were 
purchased  from  Applied  Biosystems  (Branchburg,  NJ;  www.applied- 
biosystems.com).  The  reaction  conditions  were  10  min  at  25°C,  1  hr 
at  42°C,  and  5  min  at  94°C.  Then,  2  pi  of  the  cDNA  mixture  was 
used  in  a  PCR  reaction,  with  specific  primers  targeting  the  potential 
splicing  site.  Optimal  conditions  were  defined  as:  Step  1,  95°C  for 
10  min;  Step  2,  94°C  for  15  sec,  60°C  for  30  sec,  72°C  for  45  sec, 
repeated  for  40  cycles;  Step  3,  72°C  for  7  min.  The  detailed 
information  with  regard  to  primer  design  and  sequences  are 
available  upon  request.  The  products  were  electrophoresed  on  2% 
agarose  gels.  Uncloned  PCR  fragments  were  cleaned  with  QI  Aquick 
PCR  Purification  Kit  (Qiagen,  Hilden,  Germany;  www.qiagen.com) , 
sequenced  and  analyzed  in  both  sense  and  antisense  directions  for 
the  presence  of  heterozygous  splicing  variations.  Analysis  of  the 
DNA  sequences  was  performed  using  Sequencher  v4.2  (Gene 
Codes,  Ann  Arbor,  MI;  www.genecodes.com). 

Subcloning  the  PCR  Product  and  Sequence  Analysis 

PCR  products  of  potential  mutant  transcripts  were  purified  as 
described  above  and  were  subcloned  directly  into  a  pCR  4-TOPO 
vector  using  the  TA  Cloning  Kit  for  Sequencing  (Invitrogen) 
following  the  manufacture’s  instruction.  PCR  was  performed  to 
identify  bacterial  colonies  containing  appropriate  inserts.  Plasmid 
DNA  was  purified  using  QIAfilter  Plasmid  Maxi  Kit  (Qiagen)  and 
the  insert  was  sequenced  using  either  the  universal  M 13 -primers 
or  the  primers  for  PCR  reactions. 
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Image  Analysis  and  Statistical  Analysis 

The  results  of  RT-PCR  were  quantified  using  the  AlphaEase 
FC  (Alpha  Innotech,  San  Leandro,  CA;  www.alphainnotech.com) 
for  the  integrated  density  of  each  band.  The  Student’s  t-test 
was  employed  using  SAS  software  8.0  (SAS  Institute,  Cary, 
NC;  www.sas.com).  A  value  of  P<0.05  was  considered 
significant  and  results  were  presented  as  the  mean  +  standard 
deviation  (SD). 

RESULTS 

BRCA1  and  BRCA2  Intronic  Variants 

As  a  result  of  the  clinical  genetic  susceptibility  testing 
of  the  375  probands  of  breast/ovarian  cancer-prone  kindreds 
followed  by  FRAP  we  identified  several  low-frequency  sequence 
alterations  in  BRCAl  and  BRCA2  that  flanked  the  intron- 
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exon  boundaries  (i.e.,  BRCAl,  c.212+3A>G/IVS5+3A>G, 
c.30 1  -2delA/IVS6-2delA,  c.441  +  1G>A/IVS7  +  1G>A,  c.593+ 
8A  >  G/IVS9 + 8  A  >  G,  c.4986+6T>G/IVS16+6T>G,  and 
C.4986-20A  >  G/IVS 16-20A  >  G  and  BRCA2,  c.516-19C> 
T/IVS6-19C>T  c.7976-4_7976_3delTT/rVS17-4delTT  C.8487+ 
1G>A/IVS19+1G>A,  c.8487+19A>G/IVS19+19A>G,  c.8632- 
2A>G/IVS20-2A>G,  and  c.9256-18C>  A/IVS24-18C>A). 
Supplementary  Table  S1A  (available  online  at  www. interscience. 
wiley.com/jpages/1059-7794/suppmat)  lists  the  cancer  history 
status  of  these  families,  and  Supplementary  Table  SIB  shows  the 
number  of  times  each  alteration  has  been  previously  reported  to 
the  BIC  database.  Among  these  alterations,  BRCAl-c.593+8A>G, 
BRCAl  -c.44 1  + 1 G  >  A,  BRCA2-c.7976-4_7976_3delTT,  and 
BRCA2-C.8487  +  19A>G  are  novel  alterations  and  have  not  pre¬ 
viously  been  reported.  Five  alterations,  BRCAl -c.4986+6T>G, 
BRCAl -c.4986-20A>G,  BRCA2-c.516-19C>T,  BRCA2-C.9256- 
18C>A,  and  BRCA2-c.8632-2A>G,  have  been  detected 
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FIGURE  l.  Aberrant  splicing  associated  with  BRCAl-c. 301-2delA/IVS6-2delA  mutation.  A:  RT-PCR  analysis  by  agarose  gel  image. 
PCR  samples  were  loaded  from  left  to  right  as  a  DNA  ladder,  wild-type  lymphoblastoid  cells  (Control)  treated  with  puromycin  (P(+)) 
and  without  puromycin  (P(-)),  mutation  carrier  lymphoblastoid  cells  treated  with  puromycin  (P(+))  and  without  puromycin  (P(-)), 
and  negative  control  (H2O).  B:  Sequencing  analysis  for  sample  from  mutation  carrier.  BRCAl-c. 301-2  del  A  results  in  a  10-base 
frameshift  deletion  at  the  beginning  of  exon  7  (NM  007295. 2:c.302  311dell0).  C:  Protein  sequencing  analysis.The  10-bp  frameshift 
deletion  in  the  cDNA  creates  14  new  residues  (101-114)  and  a  predicted  stop  codon  at  residue  115  (NP  009226.1: p.Tyrl01SerfsX15). 
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previously  but  their  impact  on  mRNA  splicing  has  not  been 
investigated. 

Aberrant  Splicing  Analysis  by  RT-PCR 

To  evaluate  the  consequence  of  each  sequence  variant  on 
splicing,  total  RNA  was  isolated  from  cryopreserved  lymphocyte 
pellets  and/or  LCLs.  Primers  used  in  the  PCR  reaction  were 
designed  to  amplify  the  exon  regions  that  are  predicted  to  be 
affected  by  the  splice-site  mutations.  In  addition,  to  prevent 
potential  degradation  of  unstable  transcripts  by  nonsense  - 
mediated  mRNA  decay,  LCLs  were  treated  with  puromycin,  a 
translational  inhibitor,  prior  to  RNA  isolation.  As  shown  in 


Supplementary  Table  SIB,  five  of  the  variants  lead  to  expression  of 
alternatively-spliced  transcripts,  while  the  other  seven  alterations 
have  no  apparent  effects  on  mRNA  splicing.  Of  these  sequence 
variants,  all  but  one  involve  the  highly  conserved  splice  donor 
(GT)  or  splice  acceptor  (AG)  sequence  flanking  the  intron- 
exon  junction. 

BRCAl-c.301-2delA  has  been  reported  to  the  BIC  database,  but 
its  role  in  mRNA  splicing  has  not  been  previously  studied.  In  our 
studies,  although  the  mutation  carrier  herself  has  no  cancer,  three 
family  members  have  been  diagnosed  with  breast  cancer  (Supple¬ 
mentary  Fig.  SI  A).  Analysis  of  cDNA  products  demonstrates  that 
this  intronic  deletion  activates  another  cryptic  splice  site,  which 
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FIGURE  2.  Aberrant  splicing  associated  with  BRCAl-c.441 +1G>A/IVS7+1G>A.  A:  RT-PCR  analysis  by  agarose  gel  image.  PCR 
samples  were  loaded  from  left  to  right  as  a  DNA  ladder,  wild-type  lymphoblastoid  cells  (Control)  treated  with  puromycin  (P(+))  and 
without  puromycin  (P(— )) ,  mutation  carrier  lymphoblastoid  cells  treated  with  puromycin  (P(+))  and  without  puromycin  (P(— )) ,  and 
negative  control  (H2OJ.  B:  Sequencing  analysis  for  samples  from  wild-type  and  mutation  carrier.  The  alteration  BRCAl-c. 441  + 
1G>A.  leads  to  a  62-bp  deletion  at  the  end  of  exon  7  (NM_007295.2:c.380_441del62) .  C:  Protein  sequencing  analysis  showed  that 
this  62-bp  frameshift  deletion  creates  10  new  residues  and  a  predicted  stop  codon  at  residue  137  (NP  009226. l:p.Serl27ThrfsXll). 
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results  in  a  10-bp  frameshift  deletion  at  the  beginning  of  exon  7 
(c.302_311dell0).  This  frameshift  deletion  then  results  in  the 
addition  of  14  new  residues  (101-114)  and  a  premature  stop  codon 
at  residue  115  (p.Tyrl01SerfsX15)  (Fig.  1A-C).  Because  of  only 
10-bp  differences  between  the  wild-type  and  mutant  bands,  it  is 
difficult  to  distinguish  the  wild-type  and  mutant  bands.  Therefore, 
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the  abundance  of  each  was  estimated  by  the  peak  strength  in  the 
sequence  electropherograms,  and  the  aberrant  transcripts  were  more 
abundant  in  the  puromycin  treated  vs.  the  untreated  LCLs  (Fig.  IB). 

BRCA1  -C.441  +  1G  >  A  to  our  knowledge  has  not  previously 
been  reported.  This  alteration  is  detected  in  a  proband  diagnosed 
with  breast  cancer  at  34  and  43  (Supplementary  Fig.  SIB). 


table  l.  Ratio  of  mRNA  Expression  of  the  Aberrant  Spliced  Alleles  to  the  Wild-Type  Alleles  in  LCLsTreatedWith  orWithout  Puromycin 


BRCA1 

BRCA2 

C.301-2delAa/ 

IVS6-2delAb 

c.441+lG>A/ 

IVS7+1G>A 

C.4986T  >G/ 
IVS16+6T  >G 

c.8487+lG>A/ 

IVS19+1G>A 

c.8632-2A>G/ 

IVS20-2A>G 

Nontreated  +0.05d 

C 

0.35  +  0.08 

0.29  +  0.08 

1.96  +  0.56 

0.72  +  0.02/0.54 

Treated  +0.15 

- 

0.69  +  0.06 

0.59  +  0.10 

1.97  +  0.56 

0.96  +  0.13/1.00 

P-value 

- 

0.03 

0.03 

NS 

0.05/0.005 

aRefSeqs  (GenBank  accession  no.  NM_007295.2  and  NM_000059.1)  are  used  for  BRCA1  and  BRCA2  numbering,  respectively,  and  the  A  of  the  ATG 
translation  initiation  codon  is  +1,  according  to  approved  guidelines  (www.hgvs.org/mutnomen). 

'Traditional  nomenclature  used  in  BIC  database,  based  on  RefSeqs  (GenBank  accession  no.  U14680  and  U43746)  for  BRCA1  and  BRCA2  numbering, 
respectively. 

cBecause  of  10-bp  differences  between  the  wild-type  and  mutant  bands,  the  density  was  not  able  to  be  quantified. 

dIt  represents  the  ratios  of  two  aberrant  spliced  alleles  to  the  wild-type  alleles,  NM  000059.  l:c.  [86.32  1356  86.12  1264  ins:  8633_8675del]  (upper  band 
in  Fig.  5A)  and  NM_000059.1:c.8633_8675del  (lower  band  in  Fig.  5A),  respectively. 
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FIGURE  3.  Aberrant  splicing  associated  with  BRCA1-C.4986+6T  >G/IVS16+6T  >G.  A:  RT-PCR  analysis  by  agarose  gel  image.  PCR 
samples  were  loaded  from  left  to  right  as  a  DNA  ladder,  wild-type  lymphoblastoid  cells  (Control)  treated  with  puromycin  (P(+))  and 
without  puromycin  (P(— )) ,  mutation  carrier  lymphoblastoid  cells  treated  with  puromycin  (P(+))  and  without  puromycin  (P(— )) ,  and 
negative  control  (H2O).  B:  Sequencing  analysis  for  samples  from  mutation  carrier  following  subcloning  into  pCR4-TOPO.  This 
alteration  leads  a  65-base  insertion  from  intron  16  (NM_007295.2:c.4916+l_4916+65ins65).  C:  Protein  sequencing  analysis 
indicate  this  65-bp  insertion  creates  a  predicted  stop  codon  at  residue  1676  (NP  009226. l:p.Metl663ValfsX14) . 
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The  inheritance  of  this  mutation  is  unclear,  since  hoth  the 
maternal  and  paternal  side  of  the  family  report  breast  or  ovarian 
cancer  and  no  other  samples  were  available  from  this  kindred. 
Analysis  of  mRNA  from  the  lymphocytes  of  this  individual  by  RT- 
PCR  showed  that  this  alteration  results  in  a  62-base  deletion 
within  exon  7  (c.380_441del62)  (Fig.  2A-C).  This  frameshift  is 
predicted  to  result  in  the  addition  of  10  amino  acid  residues 
and  premature  termination  of  translation  at  residue  137 
(p.Serl27ThrfsXll)  (Fig.  2C).  The  aberrant  transcript  is  pre¬ 
sented  in  both  puromycin  treated  and  untreated  LCLs.  However, 
the  mRNA  expression  ratios  of  mutant  alleles  to  wild-type  alleles 
are  approximately  0.4:1  and  0.7:1  in  puromycin  untreated  and 
treated  LCLs,  respectively  (P<0.03)  (Fig.  2A;  Table  1). 

BRCA1-C.4986  +  6T >G  has  been  reported  previously,  hut  has 
not  been  functionally  characterized.  The  proband  was  diagnosed 
with  ovarian  cancer  at  age  of  62,  and  reported  a  strong  family 
history  of  breast  and  ovarian  cancer  (Supplementary 
Fig.  SIC).  We  performed  RT-PCR  to  amplify  the  region  from 
exon  17  to  22  using  RNA  samples  isolated  from  peripheral 
lymphocytes  of  the  alteration  carrier  and  cancer-free  controls  and 
demonstrated  that  this  alteration  leads  to  an  aberrant  BRCA1 
transcript,  which  incorporates  65  bases  of  intron  16  sequence, 
immediately  following  exon  16  (c.4916+  l_4916+65ins65) 

(Fig.  3 A-C) .  Sequence  analysis  indicates  the  mutation  results  in 
the  activation  of  a  cryptic  splice  site  at  g.38,476,405  (GenBank 
accession  no.  NC_000017.9).  This  65-base  insertion  is  predicted 


to  create  a  stop  codon  at  residue  1676,  plus  13  additional  residues 
encoded  by  the  inserted  sequence  (p.Metl663ValfsX14).  The 
mRNA  expression  ratios  of  mutant  alleles  to  wild-type  alleles  are 
approximately  0.3:1  and  0.6:1  in  puromycin  untreated  and  treated 
LCLs,  respectively  (P  <  0.03)  (Fig.  3A;  Table  1). 

BRCA2-c.8487  +  lG> A  has  been  previously  reported  to  the 
BIC  database.  For  this  family,  the  proband  was  diagnosed  with 
invasive  breast  cancer  at  age  41,  and  she  reported  two  paternal 
aunts  and  a  paternal  grandmother  with  breast  cancer  (Supple¬ 
mentary  Fig.  SID).  RT-PCR  analysis  of  RNA  from  the  proband’s 
peripheral  lymphocytes  found  that  exon  19  (156  bp)  was  deleted 

(c.8332 _ 8487dell56) ,  resulting  in  an  in-frame  deletion  of  52 

amino  acids  (p.Ile2778_Gln2829del52)  (Fig.  4A  and  B).  Interest¬ 
ingly,  the  level  of  the  mutant  BRCA2  transcript  appears  to  be 
much  more  abundant  than  the  wild-type  transcript.  The  mRNA 
expression  ratios  of  mutant  alleles  to  wild-type  alleles  are  almost 
identical  (1.96:1  vs.  1.97:1)  in  puromycin  untreated  and  treated 
LCLs,  respectively  (Fig.  4A;  Table  1). 

BRCA2-c.8632-2A>G  has  been  reported  one  time  previously 
to  BIC.  The  proband  in  this  family  was  diagnosed  with  ovarian 
cancer  at  age  39  and  reported  two  sisters  with  breast  cancer  at 
34  and  35  years  of  age  (Supplementary  Fig.  S1E).  As  before,  we 
used  RT-PCR  to  amplify  the  region  from  exon  19  to  22.  We  found 
that  the  BRCA2-c.8632-2A>G  mutation  leads  to  two  splicing 
variants,  a  43-bp  deletion  at  the  beginning  of  exon 
21  (c.8633_8675del43)  or  a  93-bp  insertion  from  intron  20  in 


A  c.8487+1G>A / 

LD  Control  IVS19+1G>A  H20 

P(+)  P(-)  P(+)  P(-) 


B  Exon18  Exon19 


FIGURE  4.  Aberrant  splicing  associated  with  BRCA2- c.8487  +1G>A/IVS19+1G>A.  A:  RT-PCR  analysis  by  agarose  gel  image.  PCR 
samples  were  loaded  from  left  to  right  as  a  DNA  ladder,  wild-type  lymphoblastoid  cells  (Control)  treated  with  puromycin  (P(+)) 
and  without  puromycin  (P(-)),  mutation  carrier  lymphoblastoid  cells  treated  with  puromycin  (P(+))  and  without  puromycin  (P(-)), 
and  negative  control  (H2O).  B:  Sequencing  analysis  for  samples  from  wild-type  and  mutation  carrier  by  subcloning.  BRCA2-C. 8487  + 
1G  >A  allele  skips  exon  19  (NM  000059.1:c.8332  8487dell56). 
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A  C,8632-2A>G/ 

LD  Control  IVS20-2A>G  H2Q 


P(+)  P(-)  P(+)  P(-) 


B 

c.8632-2A>G/IVS20-2A>G  (II-  Insertion  of  93  bD  from  intron  20  and  deletion  of  43bD  at  beoinnina  of  Exon21) 


c.8632-2A>G/IVS20*2A>G  (2)-  Deletion  of  43bp  at  beginning  of  Exon21) 


Ia  I  i  c  A  q  cVo  o  a  a ■  t  t  t  „  A Ta  a  a  c  a  • 

_ ! _ ! _ A  ‘  _ »  U  L  f.  A  I  *y~  -  U  :  J  L  1  i  I  .  £ 

/V\M/'^/A'M/\/rt'^AAA^A/A^/w:'WVV‘AAA,/\M.AMAMAAAAAAAM 

WAMM\AA'WAflAAMAAAl 

vf\AflAA/~ ^\A/''\aaAAA/' IM  a  A  A  A/'vA 

c.8632-2A>G/IVS20-2A>G  (1)  -  93bp  insertion  and  43bp  deletion): 

8836  caggaggaatttgaagaacatgaagttctcttgctattttcaccatatatgcagttactt  8895 
2870  QEEFEEHE  |VLLLFSPYMQLL|  2889 

8896  cctccactgaagtcttga  8913 
2890  |  P  P  L  K  S  X~|  2895 

c.8632-2A>G/IVS20-2A>G  (2)  -  (43bp  deletion): 

8836  caggaggaatttgaagaacatgaagacagcaagttcgtgctttgcaagatggtgcagagc  8895 
2870  QEEFEEHE  |D  S  K  F  V  L  C  K  M  V  Q  S  I  2889 

8896  tttatgaagcagtga  8910 
2890  |  F  M  K  Q  X  | 2894 


FIGURE  5.  Aberrant  splicing  associated  with  BRCA2-C. 8632-2A>G/IVS20-2A>G.  A:  RT-PCR  analysis  by  agarose  gel  image.  PCR 
samples  were  loaded  from  left  to  right  as  a  DNA  ladder,  wild-type  lymphoblastoid  cells  (Control)  treated  with  puromycin  (P(+))  and 
without  puromycin  (P(— )) ,  mutation  carrier  lymphoblastoid  cells  treated  with  puromycin  (P(+))  and  without  puromycin  (P(— )),  and 
negative  control  (H2O).  B:  Sequencing  analysis  for  samples  from  mutation  carrier  by  subcloning.  The  alteration  of  BRCA2- 
c.8632-2A>G  leads  to  either  the  93-bp  insertion  from  intron  20  and  the  43-bp  deletion  of  exon  21  (NM  000059.1:c.[8632- 
1356  8632-1264ins93;  8633_8675del43]),  or  the  43-bp  deletion  at  the  beginning  of  exon  21  (NM_  000059.1:c.8633_8675del43). 
C:  Protein  sequencing  analysis  indicates  that  BRCA2- c.8632-2A>G  causes  two  distinct  BRCA2  truncated  proteins, 
NP  000050. l:p.Glu 2878 ValfsXIS  and  p.Glu2878AspfsX17.  D:  Schematics  for  aberrant  splicing  caused  by  mutation  BRCA2- 
c.8632-2A>G. 
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combination  with  the  43-bp  deletion  of  exon  21  (c.  [8632- 
1356_8632-1264ins93;  8633_8675del43],  GenBank  Accession 
No:  NC_000013.9  and  NM_000059.1),  which  are  both  predicted 
to  lead  to  truncated  proteins,  p.Glu2878ValfsX18  and 

р. Glu2878AspfsX17,  respectively  (Fig.  5A-D).  The  mRNA 
expression  ratios  of  mutant  alleles  to  wild-type  alleles  (c.  [8632- 
1356_8632-1264ins93;  8633_8675del43],  i.e.,  upper  band)  is 
approximately  0.7:1  and  1:1  in  puromycin  untreated  and  treated 
LCLs,  respectively  (P<0.05).  The  mRNA  expression  ratio  of 
mutant  alleles  to  wild-type  alleles  (c.8633_8675del43,  i.e.,  lower 
band)  is  0.5:1  and  1:1  in  puromycin  untreated  and  treated  LCLs, 
respectively  (P  <  0.005)  (Fig.  5 A;  Table  1). 

DISCUSSION 

Since  BRCA1  and  BRCA2  were  cloned  and  characterized 
in  the  mid-1990s  [Frank  et  al.,  2002;  Miki  et  al.,  1994;  Wooster 
et  al.,  1995],  hundreds  of  different  sequence  variants  in  each  of 
these  genes  have  been  detected,  including  a  large  number  of 
the  intronic  variants.  We  characterized  the  potential  patho¬ 
logical  significance  of  6  BRCA1  and  6  BRCA2  intronic  alterations 
at  the  mRNA  level.  All  of  the  sequence  alterations  are  located 
within  or  near  consensus  splicing  sites.  We  detected  aberrantly 
spliced  transcripts  for  three  of  the  BRCA1  variants  (c.301-2delA, 

с. 441  +  1G>A/IVS7  +  1G>A,  and  c.4986+6T>G)  and  two 
of  the  BRCA2  variants  (c.8487  +  lG>A  and  c.8632-2A>G). 
The  other  BRCA1  and  BRCA2  variants  show  no  effects  on 
RNA  splicing. 

In  our  efforts  to  classify  BRCA1  and  BRCA2  variant  transcripts, 
we  found  that  treatment  of  LCLs  with  puromycin  helped  facilitate 
the  analysis  of  the  mutant  transcripts.  Because  of  potential 
degradation  of  unstable  transcripts  by  mRNA  NMD  [Losson  and 
Lacroute,  1979;  Perrin-Vidoz  et  al.,  2002],  the  aberrant  transcripts 
identified  in  the  LCLs  treated  with  puromycin  may  be  considerably 
less  abundant  or  even  absent  in  the  nontreated  LCLs  and 
peripheral  lymphocytes.  Except  for  the  aberrant  transcripts 
associated  with  the  BRCA2-c.8487  +  lG>A,  the  other  aberrant 
transcripts  identified  in  our  study  are  weakly  expressed  (BRCA1- 
c.301-2delA,  BRCAl-c.441  +  lG> A,  BRCAl-c.4986+6T>G, 
and  BRCA2-c.8632-2A>G)  in  comparison  to  the  wild-type 
transcripts  (Table  1).  The  common  characteristics  shared  by  these 
four  alterations  are  that  they  all  result  in  a  frameshift  in  the 
translational  reading  frame  and  a  PTC.  In  comparison,  BRCA2- 
C.8487  +  1G>A  is  predicted  to  result  in  a  52-amino  acid  in-frame 
deletion  that  does  not  cause  a  PTC  (Fig.  4A  and  B).  Furthermore, 
we  examine  the  NMD  rule — “PTCs  before  ~50-55-bp  of  the  end 
of  the  penultimate  exon  initiate  NMD" — and  all  the  PTCs 
containing  alleles  in  our  studies  comply  with  this  50-55  nucleotide 
rule  (data  not  shown).  These  results  suggest  that  the  mutated 
BRCA1  and  BRCA2  transcripts  that  create  premature  stop  codons 
are  less  stable.  Therefore,  BRCA1  and  BRCA2  aberrant  transcripts 
eliminated  by  NMD  could  result  in  downregulating  the  overall 
level  of  both  mRNA  and  protein  of  BRCA1  and  BRCA2.  Loss  of 
BRCA1  expression  has  been  reported  to  be  related  to  the 
pathogenesis  of  breast  cancer  [Thompson  et  al.,  1995;  Wilson 
et  al.,  1999;  Zheng  et  al.,  2000;  Wei  et  al.,  2005]. 

In  conclusion,  our  study  has  evaluated  several  BRCA1  and 
BRCA2  variants  located  within  or  near  intron-exon  boundaries. 
Seven  of  them  have  no  apparent  impact  on  the  mRNA  splicing 
process,  four  cause  frameshift  mutation,  and  one  resulted  in  an 
in-frame  deletion.  These  studies  help  to  confirm  whether 
alterations  in  BRCA1  and  BRCA2  are  likely  to  be  benign 
polymorphisms  or  pathogenic  mutations.  As  our  study  is 


fundamentally  based  on  the  analysis  of  mRNA  transcripts,  it  will 
be  helpful  to  carry  out  further  research  at  the  protein  level  since 
many  of  the  mutant  alleles  could  be  reduced  in  expression  relative 
to  wild-type  indicating  that  loss  of  BRCA1  or  BRCA2  protein  may 
contribute  to  the  pathogenesis  of  breast  and/or  ovarian  cancer 
rather  than  expression  of  a  defective  protein. 
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BRCAI  -associated  complexes:  new 
targets  to  overcome  breast  cancer 
radiation  resistance 

Xiaowei  Chenf,  Cletus  A  Arciero  and  Andrew  K  Godwin 


Since  BRCAI  was  cloned  a  decade  ago,  significant  progress  has  been  made  in  defining  its 
biochemical  and  biological  functions,  as  well  as  its  role  in  breast  and  ovarian  cancers. 
BRCAI  has  been  implicated  in  many  cellular  processes,  including  DNA  repair,  cell  cycle 
checkpoint  control,  protein  ubiquitination  and  chromatin  remodeling.  This  review 
examines  the  role(s)  of  BRCAI  in  mediating  these  cellular  processes,  and  discusses  its 
potential  involvement  in  the  resistance  of  breast  cancer  to  radiation-based  therapies. 
Finally,  the  possibility  that  BRCAI  -associated  proteins  may  serve  as  new  targets  for  breast 
cancer  radiation  therapy  is  explored.  The  activation  or  inactivation  of  these  BRCAI - 
associated  proteins  may  modify  both  the  risk  of  developing  cancers  in  BRCAI  mutation 
carriers  and  the  efficacy  of  breast  cancer  therapy,  including  radiation. 


Expert  Rev.  Anticancer  Then  6(2),  187-196  (2006) 

Breast  cancer  is  the  most  common  cancer 
affecting  women,  with  a  lifetime  risk  of  approx¬ 
imately  10%  by  the  age  of  80  years.  In  the 
USA,  it  is  estimated  that  in  2005  there  was 
approximately  21 1,000  new  cases  of  breast  can¬ 
cer,  and  more  than  40,000  breast  cancer- related 
deaths  fl].  Inherited  mutations  in  the  breast 
cancer  susceptibility  gene  [BRCAI)  and 
BRCA2  predispose  women  to  high  risks  of 
breast  and  ovarian  cancer  |2],  Lifetime  risks  of 
breast  cancer  are  as  high  as  80%  among  Ameri¬ 
can  women  with  mutations  in  these  genes;  life¬ 
time  risks  of  ovarian  cancer  are  more  than  40% 
for  BRCA 1  and  20%  for  BRCA2  mutation  car¬ 
riers  (2).  Risks  for  young  women  with  inherited 
BRCAI  or  BRCA2  mutations  are  particularly 
increasing.  Among  Caucasian  women  in  the 
USA,  between  5  and  10%  of  breast  and  ovarian 
cancer  cases  are  due  to  inherited  mutations  in 
BRCAI  and  BRCA2  (3,41.  Mutations  in  other 
genes  also  influence  breast  cancer  risk,  includ¬ 
ing  CHEK2,  TP53  (associated  with  Li-Frau- 
meni  syndrome)  and  PTEN  (associated  with 
Cowden  syndrome)  (5.6]. 

Since  its  cloning  and  characterization  in 
the  mid-1990s  (7|,  BRCAI  has  been  impli¬ 
cated  in  many  cellular  processes  including 
DNA  repair,  cell  cycle  checkpoint  control. 


protein  ubiquitination  and  chromatin  remod¬ 
eling.  Despite  the  fact  that  BRCAI  mutations 
contribute  to  hereditary  breast  and  ovarian 
cancer,  it  is  surprising  that  BRCAI  is  rarely 
found  to  be  mutated  in  sporadic  breast  can¬ 
cers,  which  account  for  approximately  90% 
of  all  breast  cancers  [81.  Nevertheless,  studies 
have  indicated  that  loss  of  BRCAI  expression 
through  epigenetic  mechanisms  may  contrib¬ 
ute  significantly  to  sporadic  breast 
cancer  19.10).  In  addition,  evidence  is  accumu¬ 
lating  that  dysfunction  of  other  genes  coding 
for  proteins  in  complementary  pathways  to 
BRCAI,  might  be  important  in  the  patho¬ 
genesis  of  a  significant  proportion  of  spo¬ 
radic,  nonfamilial  cancers.  This  speculation 
comes  from  several  lines  of  evidence,  includ¬ 
ing  both  phenotypic  analyses  of  breast  and 
ovarian  tumors  as  well  as  mechanistic  studies 
of  BRCAI -associated  pathways  111,12). 

BRCAI  has  been  implicated  in  normal  cel¬ 
lular  processes,  including  DNA  fidelity  and 
damage  repair,  and  has  therefore  been  exam¬ 
ined  as  having  a  possible  role  in  the  radiore¬ 
sistance  of  breast  tumors.  Breast  cancer  cell 
line  and  animal  model  studies  have  shown  an 
increased  sensitivity  to  ionizing  radiation 
when  BRCAI  is  defective  [13-17].  This  review 
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will  provide  an  update  on  what  is  currently  known  about  the 
molecular  and  cellular  functions  of  BRCA1,  and  speculate  on 
how  these  functions  contribute  to  the  pathogenesis  of 
breast  cancer. 

BRCAl:  a  breast  cancer  susceptibility  gene 

Genetic  transmission  of  an  autosomal  dominant  factor  respon¬ 
sible  for  familial  breast  carcinoma  was  first  reported  in  the  early 
1970s  |18|.  Hall  and  colleagues  made  significant  progress  in 
breast  cancer  molecular  genetics  during  the  1990s  by  utilizing 
gene  linkage  studies,  which  identified  an  association  between  a 
locus  on  chromosome  17q21  and  early  onset  familial  breast 
cancer  119].  BRCAl  was  isolated  in  1994  and  is  composed  of  23 
exons  (22  of  which  are  coding)  that  are  distributed  over  approx¬ 
imately  80  kbp  of  genomic  DNA  (GenBank  reference: 
NM_007295.2  and  NC_000017.9).  The  7.4-kb  transcript  is 
detected  in  numerous  tissues,  including  breast  and  ovary,  and 
encodes  a  predicted  protein  of  1863  amino  acids.  Many  alter¬ 
natively  spliced  transcript  variants  have  been  reported  for 
BRCAl ,  but  the  significance  of  these  in  regards  to  function  is 
not  well  known  as  only  a  few  code  for  a  protein  that  has  been 
detected  and  studied  functionally.  Nevertheless,  several  groups 
have  reported  that  some  of  the  alternative  spliced  forms  of 
BRCA 1  may  influence  its  subcellular  localization,  as  well  as  its 
ability  to  interact  with  other  proteins,  and  thus,  its  physiologi¬ 
cal  functions  [20,211.  Interestingly,  BRCAl  shows  little  homol¬ 
ogy  to  other  known  proteins  except  for  42  amino  acids  at  the 
amino  terminus  that  encode  a  really  interesting  new  gene 
(RING) -finger,  a  motif  found  in  a  subset  of  proteins  that  inter¬ 
act  with  nucleic  acids  and/or  form  protein-protein 
complexes  [22).  In  addition,  a  region  of  BRCAl  encoded  by 
exon  1 1  (amino  acids  200-300)  possesses  a  nuclear  localization 

signal  and  sequences  that  serve  as  docking  ^ - 

sites  for  many  critical  cellular  proteins  [231. 

Furthermore,  BRCAl  contains  two 
BRCAl  C-terminal  (BRCT)  domains  in 
its  C-tcrminal  region  (amino  acids 
1650-1860)  (figure  l)  [24).  The  BRCT 
motif  of  BRCAl  binds  to  many  proteins, 
including  RNA  polymerase  (RNAP)  II, 
p300,  BACH1,  p53  and  retinoblastoma 
(RB),  and  plays  an  important  role  in  DNA 
repair  and/or  cell  cycle  checkpoints  |24[. 

Since  the  identification  of  BRCAl,  there 
has  been  a  tremendous  amount  of  effort 
focusing  on  the  genetic  characterization  of 
this  gene  and  the  related  culprit  breast  sus¬ 
ceptibility  gene,  BRCA2.  As  a  result  of 
mutation  screening  that  has  spanned  the 
globe  and  all  nationalities  afflicted  with 
hereditary  breast  and  ovarian  cancer,  more 
than  1500  sequence  variants  (101)  have  been 
detected  throughout  BRCAl  (FIGURE  l).  In 
spite  of  the  large  number  of  sequence  vari¬ 
ants  in  BRCAl,  only  frameshift  mutations 


(insertions/deletions,  some  of  which  can  be  several  kbp  in 
length),  splice  site  mutations  (that  lead  to  aberrant  mRNA  splic¬ 
ing  and  disrupt  the  generation  of  the  normal  protein  product), 
nonsense  mutations  (single  bp  substitutions  that  result  in  prema¬ 
ture  termination  of  protein  translation  and,  therefore,  expression 
of  a  truncated  protein)  and  a  few  missense  changes  (a  single  bp 
exchange  that  results  in  an  amino  acid  substitution)  are  accepted 
as  disease-associated  genetic  alterations  [25,26].  Little  research  has 
been  performed  regarding  other  types  of  mutations,  primarily 
intron  variants  and  missense  changes  in  coding  sequence,  in 
order  to  investigate  their  potential  roles  in  the  predispositions  to 
breast  and  ovarian  cancers  [27,28).  These  genetic  alterations  are 
therefore  typically  classified  as  variants  of  unknown/uncertain 
significance  (VUS).  These  VUSs  pose  a  major  clinical  challenge 
in  the  management  of  patients  from  cancer-prone  families,  since 
an  ‘indeterminate’  result  frequently  leaves  both  the  genetic  coun¬ 
selors  and  patients  searching  for  more  answers.  Currently,  few  of 
these  VUSs  have  been  proven  experimentally  to  be  deleterious 
and  disease  causing.  It  is  likely  that  the  vast  majority  of  VUSs  will 
ultimately  be  proven  to  be  benign  polymorphisms  or  variants 
associated  with  a  modest  increase  in  cancer  risk. 

Function  of  BRCA  1:  a  puzzle  not  fully  solved 

BRCAl  is  one  of  the  most  intensively  studied  genes  in  the  breast 
cancer  research  field  due  to  its  clinical  importance.  The  BRCAl 
gene  encodes  for  a  220-kDa  nuclear  phosphoprotein  that  has 
been  suggested  to  play  a  role  in  maintaining  genomic  stability 
and  to  act  as  a  tumor  suppressor.  BRCAl  interacts  directly  or 
indirectly  with  other  tumor  suppressors  (such  as  p53  and 
BRCA2),  DNA  damage  sensors  (such  as  RAD51,  RAD50, 
MRE11  and  NBS1)  and  signal  transducers  (such  as  p21  and 
cyclin  B)  to  form  multisubunit  protein  complexes,  such  as 
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Figure  1.  Schematic  of  the  functional  domains  of  BRCAl  and  mutation  frequency  graph.  The 

BRCA  1  gene  codes  a  protein  with  1 863  amino  acids  and  five  protein  functional  domains.  The  five  domains 
are  the  RING  finger,  nuclear  localization  signal.  DNA  binding  domain,  SQ  (serine  and  threonine)-duster 
domain  (CD)  and  BRCAl  carboxyl  terminus  (BRCT)  domain.  The  height  of  the  vertical  bar  presents  the 
relative  mutation  frequency  across  the  BRCAl  protein.  [Modified  from  Breast  Cancer  Information  Core 
(BIC)  database]. 
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BRCAl-associatcd  genome  surveillance  complex  (BASC)  and 
BRCA1  and  BRCA2  containing  complex  (BRCC).  These  multi¬ 
subunit  protein  complexes  are  involved  in  a  broad  range  of  bio¬ 
logical  processes  including  DNA  repair,  cell  cycle  control,  ubiq- 
uitination  and  chromatin  remodeling.  However,  the  number  of 
these  BRCA1  protein-associated  complexes  and  their  complexity 
has  yet  to  be  fully  elucidated.  Thus,  much  of  the  current  scien¬ 
tific  effort  involving  BRCA1  is  being  directed  at  defining  the 
biochemical  functions  of  BRCA1  and  its  protein  interactions. 

BRCAl  cellular  localization 

The  BRCA1  protein  undergoes  hyperphosphorylation  during 
late  Gi  and  S  phases  of  the  cell  cycle  [2D].  The  nuclear  localiza¬ 
tion  signal  motif  (amino  acids  200-300)  appears  to  serve  as  a 
docking  site  for  importin-a,  a  subunit  of  the  nuclear  transport 
signal  receptor  [23],  This  physical  interaction  has  led  to  the  spec¬ 
ulation  that  BRCA1  may  be  involved  in  the  nuclear  localization 
sequence  (NLS)  receptor-mediated  pathway  of  nuclear  import 
and  play  a  role  in  recruiting  other  proteins  to  the  DNA  double¬ 
strand  break  (DSB)  site  following  DNA  damage  [30].  In  prolifer¬ 
ating  cells,  BRCA1  forms  discrete  nuclear  foci  (dots)  during  the 
S  phase  as  well  as  the  G2  phase  of  the  cell  cycle.  Loss  of  the 
BRCA1  foci  in  subsequent  phases  of  the  cell  cycle  is  accompa¬ 
nied  by  a  specific,  dose-dependent  change  in  the  state  of  BRCA1 
phosphorylation  [311.  Following  cellular  exposure  to  ionizing 
radiation,  UV  or  various  chemotherapeutic  agents,  such  as  cispl- 
atin,  BRCA1  becomes  phosphorylated  and  forms  discrete 
nuclear  foci  in  response  to  DNA  damage  [311.  These  observa¬ 
tions  continue  to  indicate  that  phosphorylation  of  BRCA1  is  a 
critical  step  for  dynamic  BRCA1  nuclear  localization  during  cell 
proliferation  and  the  cellular  response  to  DNA  damage. 

Role  of  BRCA  7  in  DNA  repair 

The  majority  of  BRCA1  functional  studies  have  focused  on  its 
potential  role  in  response  to  DNA  damage.  The  direct  implica¬ 
tion  of  BRCA1  as  a  component  of  DNA  damage  response  path¬ 
ways  comes  from  its  interactions  with  BRCA2  and  RAD51. 
BRCA1,  BRCA2  and  RAD51  form  a  protein  complex  that  acti¬ 
vates  DSB  repair  and  initiates  homologous  recombination, 
which  links  the  maintenance  of  genomic  integrity  to  tumor  sup¬ 
pression  [32] .  In  addition,  Scully  and  colleagues  found  that  cells 
expressing  exogenous  wild  type  BRCA1  were  less  sensitive  to  y- 
irradiation  and  were  more  efficient  in  repairing  DSBs  compared 
with  a  BRCA  1 -deficient  breast  cancer  line,  HCC1937  [33].  In 
animal  models,  impaired  repair  of  chromosomal  DSBs  by 
homologous  recombination  have  been  noted  in  BRCA  1 -defi¬ 
cient  mouse  embryonic  stem  cells  [34].  Furthermore,  increased 
levels  of  chromosomal  damage  have  been  reported  in  lym¬ 
phocytes  following  irradiation  exposure  in  BRCA1  mutation 
carriers  [35].  Recent  studies  indicate  that  BRCA1  is  also  involved 
in  nonhomologous  end  joining.  BRCAl  mutants  make  this 
error-prone  repair  mechanism  even  less  accurate,  which  could 
lead  to  chromosomal  rearrangement  and  instability  [36.37].  In 
addition,  BRCA1  has  been  shown  to  have  a  role  in  nucleotide- 
excision  repair.  BRCA1  specifically  enhances  the  global  genomic 


repair  (GGR)  pathway  by  inducing  the  expression  of  nucleotide 
excision  repair  (NER)  genes,  including  XPC,  DDB2  and 
GADD45,  independent  of  p53  [38]. 

Role  of  BRCAl  in  cell  cycle  control 

BRCA1  has  been  shown  to  stimulate  expression  of  the  cyclin- 
dependent  kinase  (CDK)  inhibitor,  p21,  and  to  inhibit  cell 
cycle  progression  into  S  phase  [39].  In  addition,  researchers  have 
shown  that  BRCA1  is  not  only  essential  for  activating  the 
CHEK1  kinase  that  regulates  G2/M  arrest  induced  by  DNA 
damage,  but  also  controls  the  expression,  phosphorylation  and 
cellular  localization  of  Cdc25C  and  Cdc2/cyclin  B  kinases  [40]. 
Therefore,  BRCA1  appears  to  be  involved  in  regulating  the 
onset  of  mitosis.  In  mouse  knockout  models  where  the  BRCA1 
gene  is  mutated  in  such  a  way  that  BRCA1  protein  is  not  func¬ 
tional,  BRCAl  '  (null)  embryos  fail  to  fully  develop.  However,  if 
either  Tp53  or  p21  are  also  eliminated  by  genetic  approaches, 
BRCA1  mutant  embryos  ( BRCAt Tp53f  or  BRCA  l1 \  P21'1') 
show  prolonged  survival  from  embryonic  days  7.5  to  9.5  [41].  In 
addition,  a  defective  G2/M  checkpoint  and  extensive  chromo¬ 
somal  abnormalities  have  been  found  in  cells  from  other  BRCA1 
knockout  mice  in  which  exon  1 1  was  removed  [42],  It  is  also 
reported  that  elimination  of  one  Tp53  allele  ( Tp53tl ; 
BRCAl6*0"11'1')  rescued  this  embryonic  lethality  caused  by  the 
deletion  of  BRCA 1  exon  1 1  and  restored  normal  mammary 
gland  development  [43],  However,  most  female  mice 
homozygous  for  the  BRCA  1  exon  1 1  deletion  and  heterozygous 
for  loss  of  the  Tp53  gene  developed  mammary  tumors  within 
6-12  months.  Importantly,  the  resulting  tumors  lost  the 
remaining  Tp53  allele  [43].  These  findings  indicate  that  the 
genetic  interactions  between  BRCA1  and  p53  are  associated 
with  breast  carcinogenesis.  Moreover,  primary  fibroblasts,  which 
are  heterozygous  for  a  BRCA1  mutation,  display  an  abnormal 
Gj/S  cell  cycle  checkpoint  following  UVA  irradiation  [44). 

Role  of  BRCA  1  in  ubiquitination 

The  RING-finger  motif  in  the  N-terminus  of  BRCA1  has  been 
found  to  be  the  site  of  heterodimerization  of  BRCAl  and 
BRCAl-associatcd  RING  domain  1  (BARDl).  BARD1  is 
another  RING-finger-containing  protein  that  was  identified 
using  the  BRCAl  RING-finger  domain  as  the  ‘bait’  in  a  protein 
interaction  assay  (yeast  two-hybrid  screen)  [45].  When  bound  to 
BARDl,  BRCAl  shows  significant  ubiquitin  ligase  activity  and 
is  capable  of  polymerizing  ubiquitin  [46].  Importantly,  deleteri¬ 
ous  mutations  affecting  the  BRCAl  RING-finger  domain, 
found  in  clinical  specimens,  abolish  the  ubiquitin  ligase  activity 
of  BRCAl  [16,45].  These  findings  support  a  relationship  between 
BRCA  Is  ligase  activity  and  a  predisposition  to  breast  cancer. 

BRCAl  interacts  with  a  number  of  proteins  and  functions  in 
diverse  cellular  processes.  Therefore,  it  is  not  surprising  that 
BRCA l's  ubiquitin  ligase  activity  may  contribute  to  more  than 
one  of  the  biological  roles  of  BRCAl.  BRCAl  has  also  been 
reported  to  interact  with  the  RNAP  II  holoenzyme  [47].  Two 
recent  reports  have  suggested  that  the  BRCA  1/BARD  1  com¬ 
plex  may  be  involved  in  the  degradation  of  RNAP  complex, 
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and  siRNA-mediated  knockdown  of  BRCA1  and  BARD1 
results  in  stabilization  of  RNAP  II  in  the  cells  following  UV 
exposure  [48.49] .  These  studies  reported  that  BRCA1/BARD1 
appears  to  initiate  the  degradation  of  stalled  RNAP  II  and, 
thus,  disrupt  the  coupled  transcription  by  inhibiting  RNA 
processing  machinery  in  cells  exposed  to  DNA  damage.  At 
present,  the  known  substrates  that  are  polyubiquitinated  by  the 
BRCA1-BARD1  ubiquitin  ligase  are  very  limited  and  include 
RNAP  II,  nucleophosmin/B23  and  p53  [48-51], 

Role  of  BRCA1  in  chromatin  remodeling 
Wang  and  colleagues  used  immunoprecipitation  and  mass  spec¬ 
trometry  to  identify  a  large  multisubunit  protein  complex, 
BASC,  in  which  the  DNA  repair  proteins  identified  include 
ATM.  BLM,  MSH2,  MSH6,  MLH1,  the 
RAD50-MRE1 1-NBS1  complex  and  the  RFC1-RFC2-RFC4 
complex  [52].  Confocal  microscopy  demonstrated  that  BRCA1, 
BLM  and  the  RAD50-MRE1 1-NBS1  complex  colocalized  to 
large  nuclear  foci,  and  BASC  has  subsequently  been  shown  to 
be  involved  in  chromatin  remodeling  at  sites  of  DSBs  [52].  In 
addition,  BRCA1  directly  interacts  with  the  brahma-related 
gene  1  (BRG1)  subunit  of  SWl/SNF-associated  complex, 
which  is  involved  in  chromatin  remodeling  [53],  This  finding 
links  chromatin  remodeling  processes  to  breast  cancer.  Further¬ 
more,  the  BRCT  domain  of  BRCA1  has  been  reported  to  be 
associated  with  the  histone  dcacetylases,  HDAC1  and  HDAC2 
[54],  All  of  these  findings  help  explain  the  involvement  of 
BRCA1  in  multiple,  seemingly  unrelated  processes  such  as 
transcription  and  DNA  repair. 

BRCA1 -associated  proteins:  targets  for  breast  cancer 
radiation  therapy 

In  the  past  several  decades,  efforts  have  been  made  toward 
understanding  the  mechanisms  of  the  response  to  both  cyto¬ 
toxic  chemotherapy  and  ionizing  radiation  breast  cancer  treat¬ 
ment.  Owing  to  the  important  role  of  BRCA1  in  DNA  repair, 
cell  cycle  control  and  other  pathways,  breast  tumors  with  defec¬ 
tive  BRCA1  are  likely  to  be  more  sensitive  to  chemotherapy 
and  ionizing  radiation.  Although  both  chemotherapy  and  radi¬ 
ation  have  been  extensively  studied  in  the  clinical  treatment  of 
breast  cancer,  the  following  section  will  explore  the  possibility 
that  BRCA1  and  its  interacting  proteins  could  become  novel 
targets  in  enhancing  breast  cancer  radiation  therapy.  The  role  of 
BRCA1  in  chemotherapy  has  been  reviewed  comprehensively 
by  other  groups  155.56], 

Radiation  therapy  for  breast  cancer 

Radiation  therapy  has  been  a  treatment  modality  for  breast 
cancer  patients  for  more  than  100  years.  Over  the  past 
30  years,  radiation  therapy  has  become  a  critical  step  in  the 
successful  treatment  of  breast  cancer.  The  role  of  radiation 
therapy  grew  in  the  early  1970s,  when  Fletcher  documented  its 
instrumental  role  in  decreasing  local  recurrences  [57].  In  partic¬ 
ular,  supraclavicular  metastases  were  reduced  from  20-25%  to 
1.3-3%  with  the  addition  of  ionizing  radiation.  Radiation 


therapy  was  also  used  to  treat  patients  with  tumors  that  had 
undergone  total  mastectomy,  producing  a  decrease  in  local 
recurrences  of  over  two-thirds  [57].  This  early  work  led  to  an 
expanded  role  for  radiation  therapy  in  breast  cancer. 

The  emergence  of  radiation  therapy  to  the  forefront  of  mod¬ 
ern  breast  cancer  treatment  lies  in  its  application  in  breast-con¬ 
servation  therapy.  Landmark  studies  on  the  necessity  of  radia¬ 
tion  therapy  in  breast-conservation  therapy  were  performed  by 
Fisher  and  colleagues,  as  a  part  of  the  National  Surgical  Adju¬ 
vant  Breast  and  Bowel  Project  (NASBP)  B-06  trial,  which  dem¬ 
onstrated  that  lumpectomy  with  radiation  therapy  had  much 
lower  recurrence  rates  than  lumpectomy  alone  (14  vs  39%)  [58]. 
This  observation  has  been  further  validated  by  an  extensive 
meta-analysis  that  supported  improved  local  control  with  the 
addition  of  radiation  therapy  [59,60]. 

Recently,  clinical  research  has  examined  the  possible  survival 
benefits  of  radiation  therapy  in  breast  cancer.  The  Early  Breast 
Cancer  Trialists’  Collaborative  Group  (EBCTG)  examined  78 
trials  involving  more  than  42,000  patients  with  breast 
cancer  [61].  In  the  analyses  of  trials  directly  comparing  patients 
receiving  radiation  therapy  with  those  not  receiving  radiation 
therapy,  a  clear  reduction  in  local  recurrences  was  again  seen  in 
the  radiotherapy  group,  including  patients  undergoing  mastec¬ 
tomy  or  breast-conservation  therapy  [61].  Interestingly,  there 
was  also  a  noted  improvement  in  survival  in  patients  treated 
with  radiotherapy.  In  fact,  patients  receiving  radiotherapy  for 
breast  cancer  had  a  5.4%  reduction  in  their  15-year  breast  can¬ 
cer  mortality  risk  and  a  4. 4-5. 3%  reduction  in  overall  mortal¬ 
ity  [61].  These  findings  support  the  observation  that  radiother¬ 
apy  contributes  to  not  only  the  reduction  of  local  recurrences, 
but  also  the  reduction  in  15-year  overall  mortality. 

Despite  the  benefits  of  radiation  therapy  in  the  treatment  of 
breast  cancer,  patients  still  develop  local  recurrences  in  the  tar¬ 
geted  breast.  Researchers  have  noted  that  breast  cancer  recur¬ 
rences  in  the  nonirradiated  breast  often  occur  within  3  years  of 
initial  diagnosis  [62].  In  comparison,  local  recurrences  in  irradi¬ 
ated  breast  tissue  occur  much  later,  and  the  risk  increases  with 
time  (7,  14  and  20%  risk  at  5,  10  and  20  years, 
respectively)  [63].  It  is  these  recurrences  that  have  spurred 
research  in  both  breast  cancer  recurrences  and  the  possibility  of 
radioresistant  breast  tumors. 

BRCA1  in  resistance  to  breast  cancer  resistance  therapy 
The  damage  caused  by  ionizing  radiation  activates  DNA  dam¬ 
age  cell  cycle  checkpoints  leading  to  the  various  DNA  repair 
pathways.  The  central  component  of  these  pathways  is  the 
ATM/CHEK2  kinase.  ATM/CHEK2  is  activated  by  DNA 
damage  before  phosphorylating  multiple  proteins,  including 
BRCA1  164-66] .  BRCA1  is  phosphorylated  at  tyrosine  residues 
by  ATM,  the  gene  mutated  in  ataxia  telangiectasia,  or  by  ATM 
and  Rad-3-related  (ATR)  kinase  in  response  to  ionizing  radia¬ 
tion-induced  DNA  damage  [65.67].  In  addition  to  ATM  and 
ATR,  BRCAl  is  also  phosphorylated  by  CHEK2,  the  human 
homolog  of  yeast  checkpoint  protein  kinase  (hCdsl),  in 
response  to  ionizing  radiation-induced  DNA  damage  [66].  This 
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phosphorylation  occurs  in  a  region  that  contains  clusters  of  ser¬ 
ine-glutamine  residues,  and  is  functionally  important  as  shown 
by  mouse  studies  with  mutated  BRCAl  that  lack  these  phos¬ 
phorylation  sites.  These  mice  fail  to  rescue  the  radiation  hyper¬ 
sensitivity  when  introduced  into  BRCAl -deficient  cells  [65].  In 
addition,  BRCAl  phosphorylation  by  ATM/CHEK2  following 
DNA  damage  is  critical  for  recruiting  BRCAl  to  the  DNA 
repair  and  chromatin  remodeling  protein  complexes  [68]. 

The  potential  role  of  BRCAl  in  radioresistant  breast  cancer 
has  been  examined.  Studies  using  breast  cancer  cell  lines  report 
an  increased  sensitivity  to  ionizing  radiation  when  BRCAl  is 
mutated  113-17].  However,  studies  of  breast  cancer  patients  fail 
to  reliably  replicate  these  in  vivo  findings  |69  71|.  A  recent  study 
found  that  BRCAl  mutation  carriers  exhibit  increased  sensitiv¬ 
ity  to  radiation  therapy  by  examining  the  rate  of  breast  cancer 
recurrence  following  breast-conserving  treatment  [72],  How¬ 
ever,  Pierce  and  colleagues  conducted  a  multicenter  study  of 
BRCAl  mutation  carriers  and  noted  no  significant  difference 
between  BRCAl  mutation  carriers  and  women  with  sporadic 
breast  cancer,  in  terms  of  local  recurrences  [73].  Two  additional 
studies  indicated  that  mutations  in  BRCAl  may  not  account 
for  clinical  radiation  hypersensitivity  [69,71].  These  conflicting 
findings  pose  the  question  of  whether  BRCA 1  mutations  will 
indeed  increase  the  sensitivities  of  tumor  cells  to  radiation- 
based  therapies.  Therefore,  the  role  of 
BRCAl  and  its  influence  on  tumor  cell 
sensitivity  to  radiation  in  vivo  and  in  vitro 
will  require  further  investigation. 

Proteins  in  BRCAl -associated  complexes 
Mutations  in  BRCA  1  may  not  be  the  only 
way  to  inhibit  its  activity  and,  thus, 
increase  cancer  susceptibility  and  sensitivity 
to  radiation-based  therapies.  There  is  grow¬ 
ing  evidence  suggesting  that  disruption  of 
the  BRCAl -associated  complex,  either 
through  mutations  or  aberrant  expression 
of  a  key  member  or  members  of  these 
multiprotein  complexes,  may  result  in  loss 
of  normal  activity.  Significant  changes  in 
the  stoichiometry  of  proteins  within  these 
complexes  may  lead  to  their  inactivation, 
which,  in  turn,  would  result  in  a  BRCAl 
null-like  phenotype.  In  addition,  proteins 
both  upstream  of  BRCAl,  such  as  ATM, 

ATR  and  CHEK2,  and  downstream,  such 
as  p53,  RB  and  CHEK1,  when  altered, 
may  prevent  appropriate  activation  of 
BRCAl  or  transmission  of  signals  initiated 
by  BRCAl  functional  complexes,  respec¬ 
tively  (FIGURE  2).  This  may  help  to  explain 
why  BRCAl  itself  is  not  frequently 
mutated  in  sporadic  disease.  BRCAl-asso- 
ciated  proteins  may,  therefore,  become 
potential  targets  for  the  treatment  of  breast 


cancer,  including  radiation  therapy.  A  number  of  studies  have 
reported  that  manipulation  of  BRCAl -associated  proteins  has 
an  impact  on  cellular  resistance  or  sensitivity  to  ionizing 
radiation  frABLE  1)  170,74-83]. 

In  this  aspect,  a  novel  multiprotein  complex,  termed  BRCC, 
containing  seven  polypeptides,  including  BRCAl,  BRCA2, 
BARD1  and  RAD5 1 ,  has  recently  been  identified  [50],  BRCC  is 
an  ubiquitin  E3  ligase  complex  that  can  cause  E2-dependent 
ubiquitination  of  the  tumor  suppressor,  p53.  In  this  multi- 
protein  complex,  one  protein,  referred  to  as  BRCC36,  is  associ¬ 
ated  with  BRCAl  and  BRCA2  and  plays  an  important  role  in 
the  regulation  of  the  ubiquitin  E3  ligase  activity  of  BRCC. 
BRCC36  displays  sequence  homology  with  the  human 
Pohl/Padl  subunit  of  the  26S  proteasome,  and  with  subunit 
five  (Jab  1 )  of  the  COP9  signalosome.  Cancer-associated  muta¬ 
tions  in  BRCAl  abrogate  the  association  of  BRCC36  with 
BRCC.  Reconstitution  of  a  recombinant  four-subunit  BRCC 
complex,  BRCA1/BARD1/BRCC45/BRCC36,  revealed  an 
enhanced  E3  ligase  activity  compared  with  that  of  the 
BRCA1/BARD1  heterodimer  [50],  In  addition,  the  authors  have 
reported  a  profound  increase  in  BRCC36  expression  in  the 
majority  of  breast  cancer  cell  lines  and  clinical  breast  tumors  [50]. 
Importantly,  depletion  of  BRCC36  enhances  apoptosis  in  breast 
cancer  cells  following  ionizing  radiation  by  preventing  the 
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Figure  2.  BRCAl  -associated  protein  network.  BRCAl  interacts  with  a  number  of  proteins  to  form 
multisubunit  protein  complexes.  BRCAl -associated  protein  complexes  are  involved  in  DNA  repair,  cell 
cycle  checkpoint  control,  protein  ubiquitination  and  chromatin  remodeling. 

BARD! :  BRCAl  -associated  RING  domain:  IR:  Ionizing  radiation:  BRCAl :  Breast  cancer  susceptibility  gene  1 . 
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Table  1.  Radiation  sensitivity  studies  related  to  the  BRCA1 -associated  proteins. 


Protein  name  BRCA1  pathway  Manipulation  approach  Increase  resistance  Increase  sensitivity 


FANCD2 

DNA  repair 

Defected 

Garcia-Higuera  et  al..  2001 
Houghtaling  et  al.,  2005 

NBS1 

DNA  repair 

Defected 

Nakanishi  et  al.,  2002 

MRE11 

DNA  repair 

Disrupted 

Digweed  et  al.,  2002 

RAD51 

DNA  repair 

Deficiency 

Blocking 

Overexpression 

Vispeetal..  1998 

Lio  et  al.,  2004 

Russell  et  al.,  2003 

HD  AC 

Chromatin  remodeling 

Blocking 

Chinnaivan  et  al..  2005 

RB 

Check  point  control 

Decreasing 

Defected 

Carlson  et  al.,  2000 

Billecke  et  al,  2002 

BARD1 

Ubiquitination 

Depleted 

Boulton  et  al,  2004 

BRCC36 

Ubiquitination 

Depleted 

Dong  et  al,  2003 

BARD:  BRCA1  -associated  RING  domain:  BRCC:  BRCA1  and  BRCA2  containing  complex. 

phosphorylation  (i.e.,  activation)  of  BRCA1  and  by  disrupting  processes.  Extensive  studies  have  shown  that  BRCA1  interacts 
the  BRCA1  nuclear  foci  formation  following  IR  |CHEN  KT  AI...  with  a  number  of  regulatory  proteins  to  form  functional  com- 
UNPUBUSHED  OBSERVATIONS].  Based  on  the  role  of  BRCA1  in  plexes.  The  activation  or  inactivation  of  these  BRCA1 -associated 


DNA  repair,  the  authors  propose  that  dis¬ 
rupting  activation  of  BRCA1  by  BRCC36 
depletion  will  create  an  imbalance  between 
the  DNA  repair/cell  survival  and  cell  apop¬ 
tosis/death  pathways  in  cells  following  IR 
exposure  (FIGURE  3).  As  a  result,  BRCC36 
depletion  is  likely  to  substantially  sensitize 
breast  tumor  cells  to  IR-induced  apoptosis. 
Due  to  the  fact  that  the  BRCC36  protein 
has  been  found  aberrantly  expressed  in  the 
majority  of  breast  cancers  and  is  a  major 
regulator  of  BRCA1  function,  it  may  serve 
as  a  therapeutic  target  in  the  management 
of  radiation-resistant  breast  tumors.  Since 
these  findings  are  mainly  based  on  in  vitro 
studies,  further  examination  of  the  in  vivo 
influence  of  these  protein  targets  on  cell 
sensitivity  to  radiation  is  warranted. 

Expert  commentary 

In  the  last  decade  since  BRCA1  was  cloned, 
significant  progress  has  been  made  in 
defining  its  biochemical  and  biological 
functions  and  its  role  in  breast  and  ovarian 
cancers.  Mutations  in  BRCA1  have  been 
established  to  predispose  women  to  breast 
and  ovarian  cancer.  The  BRCA1  protein  is 
also  involved  in  the  cellular  processes  of 
DNA  repair,  gene  transcription,  ubiquiti- 
nation  and  chromatin  modification.  How¬ 
ever,  little  is  known  about  the  mechanism 
by  which  BRCA 1  modulates  these 
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Figure  3.  A  proposed  model  illustrating  the  role  of  BRCC36  in  the  BRCA1  -associated  DNA  repair 
pathway  in  response  to  ionizing  radiation.  BRCA1  and  p53  are  phosphorylated  by  ATM  induced  by  IR. 
and  are  involved  in  DNA  repair  and  apoptosis,  respectively.  Depletion  of  BRCC36  prevents  the 
phosphorylation  of  BRCA1  and  disrupts  the  BRCA1  nuclear  foci  formation  in  breast  cancer  cells  following 
ionizing  radiation.  Based  on  the  role  of  BRCA1  in  DNA  repair,  the  authors  propose  that  disrupting 
activation  of  BRCA1  by  BRCC36  depletion  will  create  an  imbalance  between  the  DNA  repair/cell  survival 
and  cell  apoptosis/death  pathways  in  cells,  following  exposure  to  ionizing  radiation.  As  a  result, 
abrogation  of  BRCC36  appears  to  sensitize  breast  cancer  cells  to  IR-induced  apoptosis. 

ATM:  Ataxia  telangiectasia-mutated  gene:  BARD:  BRCA1  associated  RING  domain:  BRCC:  8RCA1  and  BRCA2 
containing  complex:  DSB:  Double  strand  break:  IR:  Ionizing  radiation. 
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proteins  may  modify  both  the  risk  of  developing  cancers  in 
BRCA1  mutation  carriers  and  the  efficacy  of  breast  cancer 
therapy,  including  radiation  therapy. 

Five-year  view 

Further  efforts  arc  needed  to  clarify,  in  detail,  the  mechanisms 
by  which  BRCA 1  collaborates  with  other  key  proteins  and  the 
molecular  pathway  through  which  it  is  regulated.  It  will  also  be 
helpful  to  explore  the  role  of  other  factors  that  associate  with 
BRCA1,  such  as  BRCA2,  RAD51,  BARD1,  BAP1,  BRCC  pro¬ 
teins  and  a  potential  host  of  others.  These  studies  may  help 
uncover  the  range  of  biological  and  biochemical  functions  of 
BRCA1  and  its  associated  proteins,  in  order  to  better  elucidate 


their  role  in  the  pathogenesis  of  breast  and  ovarian  cancer.  Only 
then  will  it  be  possible  to  intelligently  design  molecular- 
targeted  therapies  that  may  selectively  attack  these  cancer  cells. 
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Key  issues 

•  Breast  cancer  susceptibility  gene  1  ( 8RCA1 )  was  cloned  in  1994  and  encodes  a  220-kDa  nuclear  phosphoprotein  (1863  amino  acids). 

•  Among  thousands  of  genetic  alterations  detected  in  BRCA1,  more  than  700  are  deleterious  germline  mutations  that  are  associated 
with  an  increased  risk  of  breast  and  ovarian  cancer. 

•  The  lifetime  risk  of  cancer  among  female  BRCA  7  mutation  carriers  is  estimated  to  be  as  high  as  80%  for  breast  cancer  and  more 
than  40%  for  ovarian  cancer. 

•  BRCA1  interacts  with  a  number  of  proteins  to  form  multisubunit  protein  complexes. 

•  The  number  of  these  protein  complexes  and  their  complexity  has  yet  to  be  fully  elucidated. 

•  BRCA1  -associated  protein  complexes  are  involved  in  DNA  repair,  cell  cycle  checkpoint  control,  protein  ubiquitination  and 
chromatin  remodeling. 

•  The  complete  spectrum  of  the  biochemical  functions  of  BRCA!  and  its  interactors  is  not  fully  understood. 

•  Despite  the  benefits  of  radiation  therapy  in  the  treatment  of  breast  cancer,  patients  still  develop  local  recurrences  in  the 
targeted  breast. 

•  BRCA1  -deficient  breast  cancer  cell  lines  show  increased  sensitivity  to  ionizing  radiation.  However,  studies  of  breast  cancer  BRCA1 
carriers  fail  to  reliably  replicate  these  findings  in  vivo. 

•  A  number  of  studies  have  reported  that  manipulation  of  BRCA1  -associated  proteins  impacts  cellular  resistance  or  sensitivity  to 
ionizing  radiation. 

•  Significant  changes  in  the  stoichiometry  of  proteins  within  these  complexes  may  lead  to  their  inactivation,  which,  in  turn,  would 
result  in  a  BRCA!  null-like  phenotype. 

•  BRCA1  -associated  proteins  may  serve  as  potential  therapeutic  targets  in  treating  familial  and  sporadic  forms  of  breast  cancer  and  in 
enhancing  the  efficacy  of  conventional  therapies,  including  radiation-based  approaches. 


References 

Papers  of  special  note  have  been  highlighted  as: 

•  of  interest 

••  of  considerable  interest 

1  Jemal  A,  Murray  T,  Ward  E  et  at.  Cancer 
statistics,  2005.  CA  Cancer J.  Clin.  55(1), 
10-30  (2005). 

2  King  MC,  Marks  JH,  Mandell  JB.  Breast 
and  ovarian  cancer  risks  due  to  inherited 
mutations  in  BRCA1  and  BRCA2.  Science 
302(5645),  643-646  (2003). 

•  Breast  cancer  risk  estimation  in  BRCA1 
mutation  carriers. 


3  Antoniou  AC,  Pharoah  PD,  Narod  S  et  at. 
Breast  and  ovarian  cancer  risks  to  carriers  of 
the  BRCA1  5382insC  and  185delAG  and 
BRCA2  6174delT  mutations:  a  combined 
analysis  of  22  population  based  studies.  ]. 
Med  Genet.  42(7),  602-603  (2005). 

4  Bove  B,  Dunbrack  R,  Godwin  AK. 
BRAC1,  BRAC2,  and  hereditary  breast 
cancer.  In:  Breast  Cancer:  Prognosis. 
Treatment  and  Prevention.  Pasqualini  J 
(Ed.).  Marcel  Dekker,  Inc.,  NY,  USA 
(2002). 

5  Liaw  D,  Marsh  DJ,  Li  J  et  at.  Germline 
mutations  of  the  PTEN  gene  in  Cowden 
disease,  an  inherited  breast  and  thyroid 


cancer  syndrome.  Nature  Genet.  16(1), 
64-67  (1997). 

Mutations  in  PTEN  arc  associated  with 
Cowden  syndrome. 

Vahteristo  P,  Tamminen  A,  Karvinen  P 
et  at.  p53,  CHK2,  and  CHK1  genes  in 
Finnish  families  with  Li-Fraumcni 
syndrome:  further  evidence  of  CHK2  in 
inherited  cancer  predisposition.  Cancer 
Res.  61(15),  5718-5722  (2001). 

Miki  Y,  Swensen  J,  Shattuck-Eidens  D 
et  at.  A  strong  candidate  for  the  breast  and 
ovarian  cancer  susceptibility  gene  BRCA1 . 
Science  266 (5 1 82) ,  66-7 1  (1994). 
Identification  of  (BRCA1). 


www.future-drugs.com 


193 


Chen,  Arciero  &  Godwin 


Chen,  Xiaowei 


8  Futreal  PA,  Liu  Q,  Shattuck-Eidens  D  et  al. 
BRCA 1  mutations  in  primary  breast  and 
ovarian  carcinomas.  Science 266(5182), 
120-122  (1994). 

9  Rio  PG,  Maurizis  JC,  Peffault  de  Latour  M, 
Bignon  YJ,  Bernard-Gallon  DJ, 
Quantification  of  BRCA1  protein  in 
sporadic  breast  carcinoma  with  or  without 
loss  of  heterozygosity  of  the  BRCA1  gene. 
Int.J.  Cancer  80(6),  823-826  (1999). 

10  Yang  Q,  Sakurai  T,  Mori  I  el  al.  Prognostic 
significance  of  BRCA1  expression  in 
Japanese  sporadic  breast  carcinomas.  Cancer 
92(1),  54-60  (2001). 

11  Farmer  H,  McCabe  N,  Lord  CJ  et  al. 
Targeting  the  DNA  repair  defect  in  BRCA 
mutant  cells  as  a  therapeutic  strategy.  Nature 
434(7035),  917-921  (2005). 

••  A  new  therapeutic  strategy  targeting  the 
BRCA1  complementary  pathway. 

12  Jazaeri  AA,  Yee  CJ,  Sotiriou  C,  Brantley  KR, 
Boyd  J.  Liu  ET.  Gene  expression  profiles  of 
BRCAl-linked.  BRCA2-linked,  and 
sporadic  ovarian  cancers.  J.  Natl  Cancer  Inst. 
94(13),  990-1000  (2002). 

13  Abbott  DW,  Thompson  ME,  Robinson- 
Benion  C,  Tomlinson  G,  Jensen  RA, 

Holt  JT.  BRCA  1  expression  restores 
radiation  resistance  in  BRCA  1-defective 
cancer  cells  through  enhancement  of 
transcription-coupled  DNA  repair.  J.  Biol. 
Chem.  274(26),  18808-18812  (1999). 

14  Foray  N,  Randrianarison  V,  Marot  D, 
Perricaudet  M,  Lenoir  G,  Feuntcun  J.  y-rays- 
induced  death  of  human  cells  carrying 
mutations  of  BRCA1  or  BRCA2.  Oncogene 
18(51),  7334-7342  (1999). 

15  Mamon  HJ.  Dahlberg  W,  Azzam  El, 
Nagasawa  H,  Muto  MG,  Little  JB.  Differing 
effects  of  breast  cancer  1  (BRCA1),  early 
onset  and  ataxia-telangiectasia  mutated 
(ATM)  mutations  on  cellular  responses  to 
ionizing  radiation.  Int.  J.  Radial.  Biol. 
79(10),  817-829  (2003). 

16  Ruffner  H,  Joazeiro  CA,  Hemmati  D, 
Hunter  T,  Verma  IM.  Cancer-predisposing 
mutations  within  the  RING  domain  of 
BRCA  1 :  loss  of  ubiquitin  protein  ligase 
activity  and  protection  from  radiation 
hypersensitivity.  Proc.  Natl  Acad.  Sci.  USA 
98(9),  5134-5139  (2001). 

•  The  role  of  BRCA1  in  radiation  sensitivity. 

17  Shen  SX,  Weaver  Z,  Xu  X  etal.  A  targeted 
disruption  of  the  murine  Brcal  gene  causes 
y-irradiation  hypersensitivity  and  genetic 
instability  Oncogene  17(24),  3115-3124 
(1998). 

18  Lynch  HT.  Krush  AJ.  Carcinoma  of  the 
breast  and  ovary  in  three  families.  Surg. 
Gynecol.  Obstet.  133(4),  644-648  (1971), 


19  Hall  JM,  Lee  MK,  Newman  B  et  al.  Linkage 
of  early  onset  familial  breast  cancer  to 
chromosome  17q21.  Science 250(4988), 
1684-1689  (1990). 

•  Identification  of  breast  cancer  susceptibility 
gene  loci  by  linkage  analysis  in 
large  families. 

20  Lu  M,  Conzen  SD,  Cole  CN,  Arrick  BA. 
Characterization  of  functional  messenger 
RNA  splice  variants  of  BRCA1  expressed  in 
nonmalignant  and  tumor-derived  breast 
cells.  Cancer  Res.  56(20),  4578-4581  (1996). 

21  Wilson  CA,  Payton  MN,  Elliott  GS  et  al. 
Differential  subcellular  localization, 
expression  and  biological  toxicity  of  BRCA1 
and  the  splice  variant  BRCA  1  -8 1 1  b. 
OncogeneU(\).  1-16  (1997). 

22  Bienstock  RJ,  Darden  T,  Wiseman  R, 
Pedersen  L,  Barrett  JC.  Molecular  modeling 
of  the  amino-terminal  zinc  ring  domain  of 
BRCAl.  Cancer  Res.  56(11),  2539-2545 
(1996). 

23  Chen  CF,  Li  S,  Chen  Y,  Chen  PL, 

Sharp  ZD,  Lee  WH.  The  nuclear 
localization  sequences  of  the  BRCA1  protein 
interact  with  the  importin-a  subunit  of  the 
nuclear  transport  signal  receptor.  J.  Biol. 
Chem.  271(51),  32863-32868  (1996). 

24  Callebaut  I,  Momon  JP.  From  BRCA1  to 
RAP1:  a  widespread  BRCT  module  closely 
associated  with  DNA  repair.  FEBS  Lett. 
400(1),  25-30  (1997). 

25  Frank  TS,  Manley  SA,  Olopade  OI  et  al. 
Sequence  analysis  of  BRCA1  and  BRCA2: 
correlation  of  mutations  with  family  history 
and  ovarian  cancer  risk.  /  Clin,  Oncol.  16(7), 
2417-2425  (1998). 

26  Sltattuck-Eidens  D,  Oliphant  A.  McClure  M 
et  al.  BRCA1  sequence  analysis  in  women  at 
high  risk  for  susceptibility  mutations.  Risk 
factor  analysis  and  implications  for  genetic 

testing.  JAMA  278(15),  1242-1250  (1997). 

27  Goldgar  DE,  Easton  DF,  Dcffenbaugh  AM, 
Monteiro  AN,  Tavtigian  S V,  Couch  FJ. 
Integrated  evaluation  of  DNA  sequence 
variants  of  unknown  clinical  significance: 
application  to  BRCA1  and  BRCA2.  Am.  J. 
Hum.  Genet.  75(4).  535-544  (2004). 

28  Phelan  CM,  Dapic  V,  Tice  B  et  al. 
Classification  of  BRCA1  missense  variants  of 
unknown  clinical  significance.  J.  Med.  Genet. 
42(2),  138-146  (2005). 

29  Ruffner  H,  Verma  IM.  BRCA1  is  a  cell 
cycle-regulated  nuclear  phosphoprotein. 

Proc.  Nad  Acad.  Sci.  USA  94(14), 
7138-7143  (1997). 

30  Thakur  S,  Zhang  HB,  Peng  Y  et  al. 
Localization  of  BRCA1  and  a  splice  variant 
identifies  the  nuclear  localization  signal.  Mol. 
Cell  Biol.  17(1),  444-452  (1997). 


31  Scully  R,  Chen  J,  Ochs  RL  et  al  Dynamic 
changes  of  BRCA  1  subnuclear  location  and 
phosphorylation  state  arc  initiated  by  DNA 
damage.  Cel! 90(3),  425-435  (1997). 

•  Cellular  localization  of  BRCA1 . 

32  Chen  JJ,  Silver  D.  Cantor  S, 

Livingston  DM,  Scully  R.  BRCA1, 
BRCA2,  and  Rad51  operate  in  a  common 
DNA  damage  response  pathway.  Cancer 
Res.  59(Suppl.  7),  S1752-S1756  (1999). 

•  Interaction  among  BRCA1 ,  BRC  A2  and 
RAD51  in  DNA  repair. 

33  Scully  R,  Ganesan  S,  Vlasakova  K.  Chen  J, 
Socolovsky  M,  Livingston  DM.  Genetic 
analysis  of  BRCA  1  function  in  a  defined 
tumor  cell  line.  Mol.  Cel!  4(6),  1093-1099 
(1999). 

34  Moynahan  ME,  Cui  TY,  Jasin  M. 
Homology-directed  DNA  repair, 
mitomycin  c  resistance,  and  chromosome 
stability  is  restored  with  correction  of  a 
Brcal  mutation.  Cancer  Res.  61(12), 
4842-4850  (2001). 

35  Kote-Jarai  Z,  Salmon  A.  Mengitsu  T  et  al. 
Increased  level  of  chromosomal  damages 
after  irradiation  of  lymphocytes  from 
BRCA1  mutation  carriers.  Br.  J.  Cancer 
(In  press)  (2005). 

36  Zhong  Q,  Boyer  TG,  Chen  PL,  Lee  WH. 
Deficient  nonhomologous  end-joining 
activity  in  cell-free  extracts  from  Brea  1-null 
fibroblasts.  Cancer  Res.  62(14),  3966  -3970 
(2002). 

37  Zhong  Q,  Chen  CF,  Chen  PL,  Lee  WH. 
BRCA1  facilitates  microhomology- 
mediated  end  joining  of  DNA  double 
strand  breaks.  /  Biol.  Chem.  277(32), 
28641-28647  (2002). 

38  Hartman  AR.  FordJM.  BRCA1  induces 
DNA  damage  recognition  factors  and 
enhances  nucleotide  excision  repair.  Nature 
Genet.  32(1).  180-184  (2002). 

•  BRCA1  in  nucleotide  excision  repair. 

39  Somasundaram  K,  Zhang  H,  Zeng  YX  et  al. 
Arrest  of  the  cell  cycle  by  the  tumour- 
suppressor  BRCA1  requires  the  CDK- 
inhibitor  p21WAFl/CiPl.  Nature 
389(6647),  187-190  (1997). 

40  Yarden  RI,  Pardo-Reoyo  S,  Sgagias  M, 
Cowan  KH,  Brody  LC.  BRCA1  regulates 
the  G2/M  checkpoint  by  activating  Chkl 
kinase  upon  DNA  damage.  Nature  Cenet. 
30(3),  285-289  (2002). 

41  Hakem  R,  de  la  Pompa  JL,  Elia  A,  Potter  J, 
Mak  TW.  Partial  rescue  of  Brcal  (5-6) 
early  embryonic  lethality  by  p53  or  p2 1 
null  mutation.  Nature  Genet.  16(3), 
298-302  (1997). 

••  Genetic  interaction  between  BRCA1 
and  p53. 


194 


Expert  Rev.  AnUcancer  Titer.  6(2).  (2006) 


Chen,  Xiaowei 

BRCA1 -associated  complexes 


42  Xu  X,  Weaver  Z,  Linke  SP  et  al. 
Centrosome  amplification  and  a  defective 
G2-M  cell  cycle  checkpoint  induce  genetic 
instability  in  BRCA 1  exon  1 1  isoform- 
deficient  cells.  Mol.  Cell 3(3),  389-395 
(1999). 

43  Xu  X.  Qiao  W,  Linke  SP  et  ai  Ccnetic 
interactions  between  tumor  suppressors 
Brea  1  and  p53  in  apoptosis,  cell  cycle  and 
tumorigenesis.  Nature  Genet.  28(3), 
266-271  (2001). 

•  Genetic  interaction  between  BRCA1 
and  p53. 

44  ShorrocksJ,  Tobi  SE,  Latham  H  et  ai 
Primary  fibroblasts  from  BRCA1 
heterozygotes  display  an  abnormal  G  1/S 
cell  cycle  checkpoint  following  UVA 
irradiation  but  show  normal  levels  of 
micronuclei  following  oxidative  stress  or 
mitomycin  C  treatment.  Ini.  J.  Radial. 
Oncol.  Biol.  Phys.  58(2),  470-478  (2004). 

45  Wu  LC.  Wang  ZW,  Tsan  JT  el  al. 
Identification  of  a  RING-protcin  that  can 
interact  in  vivo  with  the  BRCA1  gene 
product.  Nature  Cenet.  14(4).  430-440 
(1996). 

46  Hashizume  R,  Fukuda  M,  Maeda  I  et  ai 
The  RING  heterodimer  BRCA  1 -BARD  1 
is  a  ubiqultin  ligase  inactivated  by  a  breast 
cancer-derived  mutation.  J.  Biol.  Chew. 
276(18).  14537-14540  (2001). 

47  Scully  R,  Anderson  SF,  Chao  DM  etai 
BRCA1  is  a  component  of  the  RNA 
polymerase  II  holoenzyme.  Proc.  Natl  Acad. 
Sci.  USA  94(11),  5605-5610  (1997). 

48  Kleiman  FE,  Wu-Baer  F,  Fonseca  D, 
Kaneko  S,  Baer  R.  Manley  JL. 
BRCA1/BARD1  inhibition  of  mRNA  3’ 
processing  involves  targeted  degradation  of 
RNA  polymerase  II.  Genes  Dev.  19(10), 
1227-1237  (2005). 

49  Starita  LM,  Horwitz  AA.  Keogh  MC, 
Ishioka  C,  Parvin  JD,  Chiba  N. 
BRCA1/BARD1  ubiquitinate 
phosphorylated  RNA  polymerase  II.  J. 

Biol.  Chew.  280(26),  24498-24505 
(2005). 

50  Dong  Y,  Hakimi  MA,  Chen  X  et  ai 
Regulation  of  BRCC,  a  holoenzyme 
complex  containing  BRCA1  and  BRCA2, 
by  a  signalosome-like  subunit  and  its  role 
in  DNA  repair.  Mol.  Cell  1 2  (5) , 

1087-1099  (2003). 

••  Isolation  and  characterization  of  the 
BRCA1  and  BRCA2  containing 
(BRCC)  complex. 

51  Sato  K,  Hayami  R,  Wu  W  et  ai 
Nucleophosmin/B23  is  a  candidate 
substrate  for  the  BRCA1-BARD1 
ubiquitin  ligase.  J.  Biol.  Chew.  279(30), 
30919-30922  (2004). 


52  Wang  Y,  Cortez  D,  Yazdi  P,  Neff  N, 
Elledge  SJ,  Qin  J.  BASC,  a  super  complex 
of  BRC A 1 -associated  proteins  Involved  in 
the  recognition  and  repair  of  aberrant 
DNA  structures.  Cenes  Dev.  14(8), 
927-939  (2000). 

*  Isolation  and  characterization  of 
BRCAl-associated  genome  surveillance 
complex  (BASC). 

53  Bochar  DA,  Wang  L,  Beniya  H  et  ai 
BRCA1  is  associated  with  a  human 
SWI/SNF-related  complex:  linking 
chromatin  remodeling  to  breast  cancer. 
Cell  102(2).  257-265  (2000). 

•  BRCA1  in  chromatin  remodeling. 

54  Yarden  Rl,  Brody  LC.  BRCA1  interacts 
with  components  of  the  histone 
deacetylase  complex.  Proc.  Natl  Acad.  Sci. 
USA  96(9),  4983-4988  (1999). 

55  Kennedy  RD,  Quinn  JE,  Mullan  PB, 
Johnston  PG,  Harkin  DP.  The  role  of 
BRCA1  in  the  cellular  response  to 
chemotherapy.  J.  Natl  Cancer  Inst. 

96(22),  1659-1668  (2004). 

56  Scully  R,  Xie  A,  Nagaraju  G.  Molecular 
functions  of  BRCA1  in  the  DNA  damage 
response.  Cancer  Biol.  Titer.  3  (6) , 
521-527  (2004). 

57  Fletcher  GH.  Local  results  of  irradiation 
in  the  primary  management  of  localized 
breast  cancer.  Cancer 29(3),  545-551 
(1972). 

58  Fisher  B,  Anderson  S,  Redmond  CK, 
Wolmark  N,  Wickerham  DL, 

Cronin  WM.  Reanalysis  and  results  after 
12  years  of  follow-up  in  a  randomized 
clinical  trial  comparing  total  mastectomy 
with  lumpectomy  with  or  without 
irradiation  in  the  treatment  of  breast 
cancer.  N.  Engl.  J.  Med.  333(22), 
1456-1461  (1995). 

59  Fisher  B,  Anderson  S,  Bryant  J  et  ai 
Twenty-year  follow-up  of  a  randomized 
trial  comparing  total  mastectomy, 
lumpectomy,  and  lumpectomy  plus 
irradiation  for  the  treatment  of  invasive 
breast  cancer.  N.  Engl.  J.  Med.  347(16), 
1233-1241  (2002). 

60  Veronesi  U,  Cascinelli  N,  Mariani  L  et  al. 
Twenty-year  follow-up  of  a  randomized 
study  comparing  breast-conserving 
surgery  with  radical  mastectomy  for  early 
breast  cancer.  N.  Engl.  J.  Med.  347(16), 
1227-1232  (2002). 

61  Clarke  M,  Collins  R,  Darby  S  et  ai 
Effects  of  radiotherapy  and  of  differences 
in  the  extent  of  surgery  for  early  breast 
cancer  on  local  recurrence  and  15-year 
survival:  an  overview  of  the  randomised 
trials.  Lancet  366(9503),  2087-2106 
(2006). 


•  Radiotherapy  and  the  extent  of  surgery 
for  early  breast  cancer. 

62  Kurtz  JM,  Amalric  R,  Brandone  H  et  ai. 
Local  recurrence  after  breast-conserving 
surgery  and  radiotherapy.  Frequency,  time 
course,  and  prognosis.  Cancer  63(10), 
1912-1917  (1989). 

63  Smith  TE,  Lee  D,  Turner  BC,  Carter  D, 
Haffty  BG.  True  recurrence  vs.  new  primary 
ipsilateral  breast  tumor  relapse:  an  analysis 
of  clinical  and  pathologic  differences  and 
their  implications  in  natural  history, 
prognoses,  and  therapeutic  management. 
Int.  J.  Radiat.  Oncol  Biol.  Phys.  48(5), 
1281-1289  (2000). 

64  Canman  CE,  Lim  DS,  Cimprich  KA  et  ai 
Activation  of  the  ATM  kinase  by  ionizing 
radiation  and  phosphorylation  of  p53. 
Science 281(5383),  1677-1679  (1998). 

•  Phosphorylation  of  p53  by  ATM  in  cells 
following  ionizing  radiation  (IR). 

65  Cortez  D,  Wang  Y,  Qin  J,  Elledge  SJ. 
Requirement  of  ATM-dependent 
phosphorylation  of  breal  in  the  DNA 
damage  response  to  double-strand  breaks. 
Science  286(5442) .  1162-1166  (1999). 

•  Phosphorylation  of  BRCA1  by  ATM  in 
cells  following  IR. 

66  Lee  JS,  Collins  KM.  Brown  AL,  Lee  CH, 
Chung  JH.  hCds  1  -mediated 
phosphorylation  of  BRCA1  regulates  the 
DNA  damage  response.  Nature  404  (6774), 
201-204  (2000). 

67  Tibbetts  RS,  Brumbaugh  KM,  Williams  JM 
et  al.  A  role  for  ATR  in  the  DNA  damage- 
induced  phosphorylation  of  p53.  Cenes  Dev. 
13(2),  152-157  (1999). 

68  Zhong  Q,  Chen  CF,  Li  S  etai  Association 
of  BRCA1  with  the  hRad50-hMrel  1  — p95 
complex  and  the  DNA  damage  response. 
Science 285 (5428),  747-750  (1999). 

69  Baeyens  A,  Thierens  H,  Claes  K,  Poppe  B, 
de  Ridder  L,  Vral  A.  Chromosomal 
radiosensitivity  in  BRCA  1  and  BRC A2 
mutation  carriers.  Int.  J.  Radiat.  Biol. 
80(10),  745-756  (2004). 

70  Garcia-Higuera  I.  Taniguchi  T,  Ganesan  S 
et  ai.  Interaction  of  the  Fanconi  anemia 
proteins  and  BRCA1  in  a  common 
pathway.  Mol.  Cell7(2),  249-262  (2001). 

71  Leong  T,  Whitty  J,  Keilar  M  etai  Mutation 
analysis  of  BRCA1  and  BRCA2  cancer 
predisposition  genes  in  radiation 
hypersensitive  cancer  patients.  Int.  J.  Radiat. 
Oncol.  Biol.  Phys.  48(4),  959-965  (2000). 

72  Kirova  YM,  Stoppa  Lyonnet  D, 

Savignoni  A,  Sigal-Zafrani  B,  Fabre  N, 
Fourquet  A.  Risk  of  breast  cancer  recurrence 
and  contralateral  breast  cancer  in  relation  to 
BRCA  1  and  BRCA2  mutation  status 


www  future-drugs.com 


195 


Chen,  Arciero  &  Godwin 


Chen,  Xiaowei 


following  breast -conserving  surgery  and 
radiotherapy.  Eur.  J.  Cancer  41(15), 
2304-2311  (2005). 

73  Pierce  LJ,  Strawderman  M.  Narod  SA  el  al 
Effect  of  radiotherapy  after  breast- 
conserving  treatment  in  women  with  breast 
cancer  and  germline  BRCA1/2  mutations. 
J.  Clin.  Oncol.  18(19),  3360-3369  (2000). 

74  Billecke  CA,  Ljungman  ME,  McKay  BC, 
Rehemtulla  A,  Taneja  N,  Ethier  SP.  Lack  of 
functional  pRb  results  in  attenuated 
recovery  of  mRNA  synthesis  and  increased 
apoptosis  following  UV  radiation  in  human 
breast  cancer  cells.  Oncogene  2 1  (29) , 
4481-4489  (2002). 

75  Boulton  SJ,  Martin  JS,  Polanowska  J, 

Hill  DE,  Gartner  A,  Vidal  M. 
BRCA1/BARD1  orthologs  required  for 
DNA  repair  in  Caenorhabditis  elegans.  Curr. 
Biol.  14(1),  33-39  (2004). 

76  Carlson  CA.  Ethier  SP.  Lack  of  RB  protein 
correlates  with  increased  sensitivity  to  UV- 
radiation-induced  apoptosis  in  human 
breast  cancer  cells.  Radiat.  Res.  1 54  (5) , 
590-599  (2000). 

77  Chinnaiyan  P,  Vallabhaneni  G, 

Armstrong  E,  Huang  SM,  Harari  PM. 
Modulation  of  radiation  response  by 
histone  deacetylase  inhibition.  Int.  J. 
Radiat.  Oncol.  Biol.  Phys.  62(1),  223-229 
(2005). 


78  Digweed  M,  Demuth  I,  Rothe  S  etal.  SV40 
large  T-antigen  disturbs  the  formation  of 
nuclear  DNA-repair  foci  containing 
MRE11.  Oncogene  2 1  (32) ,  4873-4878 
(2002). 

79  Houghtaling  S,  Newell  A,  Akkari  Y, 
Taniguchi  T,  Olson  S,  Grompe  M.  Fancd2 
functions  in  a  double  strand  break  repair 
pathway  that  is  distinct  from  non- 
homologous  end  joining.  Hum.  Mol.  Genet. 
14(20),  3027-3033  (2005). 

80  Lio  YC,  Schild  D,  Brenneman  MA, 
RedpathJL,  Chen  DJ.  Human  Rad51C 
deficiency  destabilizes  XRCC3,  impairs 
recombination,  and  radiosensltizes  S/G2- 
phase  cells.  J.  Biol.  Chem.  279  (40), 
42313-42320  (2004). 

81  Nakanishi  K,  Taniguchi  T,  Ranganathan  V 
etal.  Interaction  of  FANCD2  and  NBS1  in 
the  DNA  damage  response.  Nature  Cell 
Biol.  4(12),  913-920  (2002). 

82  Russell  JS,  Brady  K,  Burgan  WE  et  al 
Gleevec-mediated  inhibition  of  Rad5 1 
expression  and  enhancement  of  tumor  cell 
radiosensitivity.  Cancer  Res.  63(21), 
7377-7383  (2003). 

83  Vispe  S,  Cazaux  C,  Lesca  C,  Defais  M. 
Overexpression  ofRad51  protein  stimulates 
homologous  recombination  and  increases 
resistance  of  mammalian  cells  to  ionizing 
radiation.  Nucleic  Acids  Res.  26(12), 
2859-2864  (1998). 


Website 

lot  Breast  Cancer  Information  Core  (BIC) 
http://research.nhgri.nih.gov/bic/ 

Affiliations 

•  Xiaowei  Chen 

Department  of  Medical  Oncology. 

Fox  Chase  Cancer  Center ; 

333  Cottman  Avenue, 

Philadelphia. 

PA  19111-2409.  USA 
Tel.: +1 2152144286 
Fax:  +1215  728 2741 

xiaowei.chen@fccc.edu 

•  Cletus  A  Arciero 
Department  of  Surgical  Oncology, 

Fox  Chase  Cancer  Center. 

333  Cottman  Avenue, 

Philadelphia. 

PA  19111-2409,  USA 
Tel:  +1215  728  3095 
Fax:  +1 215  7282773 
cletus.arciero@us.army.mil 

•  Andrew  K  Godwin 
Department  of  Medical  Oncology, 

Fox  Chase  Cancer  Center, 

333  Cottman  Avenue, 

Philadelphia, 

PA  19111-2409.  USA 
Tel.: +1 215  728 2205 
Fax: +1 2157282741 
andrew.godwin@fccc.edu 


196 


Expert  Rev.  Anticancer  Ther.  6(2),  (2006) 


Chen,  Xiaowei 

Human  Molecular  Genetics,  2008,  Vol.  17,  No.  9  1336-1348 

doi: 10.1 093/hmg/ddn  022 

Advance  Access  published  on  January  19,  2008 

Allelic  imbalance  in  BRCA1  and  BRCA2  gene 
expression  is  associated  with  an  increased 
breast  cancer  risk 

Xiaowei  Chen1,  JoEllen  Weaver1,  Betsy  A.  Bove1,  Lisa  A.  Vanderveer1,  Susan  C.  Weil3, 
Alexander  Miron4,  Mary  B.  Daly2  and  Andrew  K.  Godwin1* 

Medical  Science  Division,  Population  Science  Division,  Fox  Chase  Cancer  Center,  Philadelphia,  PA  19111-2497, 
USA,  3Morphotek  Inc.,  Exton,  PA  19341,  USA  and  department  of  Cancer  Biology,  Dana-Farber  Cancer  Institute, 
Harvard  Medical  School,  Boston,  MA  02115,  USA 

Received  October  1,  2007;  Revised  and  Accepted  January  16,  2008 


The  contribution  of  BRCA1  and  BRCA2  to  familial  and  non-familial  forms  of  breast  cancer  has  been  difficult  to 
accurately  estimate  because  of  the  myriad  of  potential  genetic  and  epigenetic  mechanisms  that  can  ulti¬ 
mately  influence  their  expression  and  involvement  in  cellular  activities.  As  one  of  these  potential  mechan¬ 
isms,  we  investigated  whether  allelic  imbalance  (Al)  of  BRCA1  or  BRCA2  expression  was  associated  with 
an  increased  risk  of  developing  breast  cancer.  By  developing  a  quantitative  approach  utilizing  allele-specific 
real-time  PCR,  we  first  evaluated  Al  caused  by  nonsense-mediated  mRNA  decay  in  patients  with  frameshift 
mutations  in  BRCA1  and  BRCA2.  We  next  measured  Al  for  BRCA1  and  BRCA2  in  lymphocytes  from  three 
groups:  familial  breast  cancer  patients,  non-familial  breast  cancer  patients  and  age-matched  cancer-free 
females.  The  Al  ratios  of  BRCA1,  but  not  BRCA2,  in  the  lymphocytes  from  familial  breast  cancer  patients 
were  found  to  be  significantly  increased  as  compared  to  cancer-free  women  ( BRCA1 :  0.424  versus  0.211, 
P  =  0.00001;  BRCA2-.  0.206  versus  0.172,  P  =  0.38).  Similarly,  the  Al  ratios  were  greater  for  BRCA1  and 
BRCA2  in  the  lymphocytes  of  non-familial  breast  cancer  cases  versus  controls  ( BRCA1 :  0.353,  P=  0.002; 
BRCA2-.  0.267,  P=0.03).  Furthermore,  the  distribution  of  under-expressed  alleles  between  cancer-free  con¬ 
trols  and  familial  cases  was  significantly  different  for  both  BRCA1  and  BRCA2  gene  expression  (P<  0.02 
and  P<0.02,  respectively).  In  conclusion,  we  have  found  that  Al  affecting  BRCA1  and  to  a  lesser  extent 
BRCA2  may  contribute  to  both  familial  and  non-familial  forms  of  breast  cancer. 


INTRODUCTION 

Breast  cancer  is  the  most  common  cancer  affecting  women, 
with  a  lifetime  risk  among  females  ^10%  by  the  age  of  80 
years.  In  the  USA,  it  has  been  reported  that  there  will  be 
approximately  180  510  new  cases  of  breast  cancer,  and  more 
than  40  910  breast  cancer-related  deaths  in  2007  (1).  Current 
estimates  suggest  that  family  history  is  associated  with  10- 
20%  of  breast  cancer  (2,3).  BRCA1  (OMIM:  113705)  and 
BRCA2  (OMIM:  600185)  are  two  of  the  most  prominent 
breast  cancer  susceptibility  genes  and  deleterious  mutations 
in  these  two  genes  are  estimated  to  account  for  about  15- 
30%  of  familial  breast  cancer  (4-6). 


Germline  mutations  affecting  the  coding  region  of  BRCA1 
and  BRCA2  are  thought  to  lead  to  expression  of  mutant  pro¬ 
teins,  which  are  either  inactive  or  function  as  dominant  nega¬ 
tives.  However,  these  scenarios  have  not  been  supported  by 
functional  studies  (7-9).  In  fact,  Brcal  and  Brca2  knockout 
mouse  models  have  demonstrated  that  elimination  of  Brcal 
or  Brca2  proteins  is  sufficient  for  the  development  of 
mammary  cancer  (10,11).  Previously,  we  have  reported  that 
mutant  BRCA1  mRNAs  containing  premature  stop  codons 
were  eliminated  or  destabilized  by  nonsense-mediated 
mRNA  decay  (NMD)  (12)  and  lead  to  a  state  of  haploinsuffi- 
ciency.  As  a  result,  the  ratios  between  the  expressions  from  the 
mutant  alleles  and  the  corresponding  wild-type  alleles  were 
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significantly  decreased,  resulting  in  what  was  referred  to  as 
allelic  imbalance  (AI).  AI  of  BRCA1  or  BRCA2  expression 
could  decrease  the  level  of  both  transcripts  and  proteins  and 
thus  contribute  to  increased  susceptibility  of  developing 
breast  cancer. 

There  is  growing  evidence  to  support  this  concept.  Epige¬ 
netic  studies  have  shown  that  loss  of  BRCA1  expression  due 
to  promoter  hypermethylation  is  associated  with  ~  1 0%  of 
sporadic  cases  of  breast  and  ovarian  cancer  (13-18). 
However,  screens  to  evaluate  AI  have  not  been  applied  in 
depth  to  study  its  potential  role  in  the  genesis  of  familial 
forms  of  these  diseases.  A  previous  study  reported  that  6  out 
of  13  human  genes,  including  BRCA1  and  p53,  were  expressed 
with  significant  difference  between  the  two  alleles,  and  this 
difference  was  transmitted  by  Mendelian  inheritance  (19).  Fur¬ 
thermore,  Yan  et  al.  (20)  observed  that  decreased  expression 
of  one  of  the  adenomatous  polyposis  coli  tumor  suppressor 
gene  (ARC)  alleles  was  associated  with  the  development  of 
familial  adenomatous  polyposis.  Their  studies  also  found 
that  even  more  modest  decreases  in  the  expression  of  one 
ARC  allele  could  contribute  to  attenuated  forms  of  polyposis 
(20).  Based  on  these  findings,  we  hypothesize  that  a  subset 
of  non-BRCAl/2  mutation  carriers  with  a  strong  family 
history  of  breast  cancer  are  at  increased  risk  of  developing 
this  disease  as  a  result  of  AI  in  BRCA1  and  BRCA2  gene 
expression. 

In  the  present  study,  we  have  developed  a  quantitative 
approach  to  measure  the  allele-specific  expression  of  BRCA1 
and  BRCA2.  We  compared  BRCA1/2  allelic  variation  in  a 
cohort  of  BRCA1/2  mutation-negative  familial  breast  cancer 
patients,  non-familial  breast  cancer  patients  and  age-matched 
cancer-free  volunteers.  Since  susceptibility  to  breast  cancer 
is  far  from  being  fully  understood,  our  study  may  help  to 
further  identify  genetic  factors  which  contribute  to  breast 
cancer  susceptibility. 

RESULTS 

Development  of  a  quantitative  allelic  imbalance  assay 

In  order  to  determine  if  allele-specific  real-time  PCR  is  able  to 
quantitatively  measure  the  AI  in  BRCA1  and  BRCA2  gene 
expression  from  the  individual  allele,  RNAs  were  isolated 
from  the  blood  lymphocytes  of  two  individuals  determined 
by  genotype  and  sequence  analysis  to  be  homozygous  for 
either  R77C47-C.4308T/T  or  S7?G47-c.4308C/C  (Fig.  1A). 
This  polymorphism  was  chosen  since  it  is  relatively 
common,  based  on  NCBI  dbSNP  data.  The  samples  were 
then  reverse  transcribed  and  the  cDNAs  were  mixed  at 
various  ratios  (8:1,  4:1,  2:1,  1:1,  1:2,  1:4  and  1:8)  as  described 
in  the  Materials  and  Methods  section.  B R  CA  /  - c . 4 3  0  8 T/T  was 
detected  by  the  VIC  fluorescence  signal  and  BRCA  /-C.4308C/ 
C  was  detected  by  the  FAM  fluorescence  signal.  As  shown  in 
Figure  IB,  with  decreasing  cDNA  ratios  of  C.4308T  to 
C.4308C,  the  VIC  curve  (detecting  the  C.4308T  allele) 
shifted  to  the  right  with  the  increasing  value  of  Ct_c.4308t 
(vic>>  while  the  curve  of  FAM  (detecting  C.4308C  allele) 
shifted  to  the  left  with  the  decreasing  value  of  CT_c.4308c 
(vie)-  At  the  same  time,  the  value  of  ACT  (Ct_c.43o8t  (vic>- 
Ct-c.4308c  (famj)  changed  from  the  negative  to  the  positive. 
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By  the  regression  analysis,  a  linear  relationship  between 
Log2  ratio  of  cDNAs  C.4308T  to  C.4308C  and  ACT  was  ident¬ 
ified:  Log2  (c.4308T/C)= -0.0877+  1.57897  *  ACT  (P  < 
0.001)  (Fig.  1C).  The  Pearson  correlation  coefficient  (r) 
between  Log2  (c.4308T/c.4308C)  and  ACt  was  0.9798.  To 
establish  a  similar  standard  curve  for  BRCA2  allelic 
expression,  cDNAs  from  two  individuals,  who  were  either 
homozygous  for  BRCA2-C.3396AJA  or  B R C.'A 2 - c . 3 3 9 6 G/G , 
were  mixed  at  the  following  ratios:  8:1,  4:1,  2:1,  1:1,  1:2, 
1:4  and  1:8  (c.3396A/A  allele:c.3396G/G  allele). 

BRCA2-C.3396A  was  detected  by  the  VIC  fluorescence 
signal  and  BRCA2-C.3396G  was  detected  by  the  FAM  fluor¬ 
escence  signal.  As  shown  in  Figure  ID,  with  decreasing 
ratios  of  C.3396A  to  C.3396G,  the  VIC  curve  (detecting 
C.3396A  allele)  shifted  to  the  right  while  the  FAM  curve 
(detecting  C.3396G  allele)  shifted  to  the  left.  After  regression 
analysis,  a  linear  relationship  between  Log2  (C.3396A/ 
C.3396G)  and  ACT  was  identified:  Log2  (c.3396A/G)  = 
0.11726+  1.26458  *  ACX  (P  <  0.001)  (Fig.  IE).  The 
Pearson  correlation  coefficient  ( r )  between  Log2  (C.3396A/ 
G)  and  ACT  was  0.9868. 

Detection  of  allelic  imbalance  caused  by 
nonsense-mediated  mRNA  decay 

To  examine  whether  the  allele-specific  real-time  PCR  assay  is 
able  to  detect  AI  of  BRCA1  and  BRCA2  gene  expression  in 
cell  lines,  we  evaluated  RNAs  isolated  from  lymphoblastoid 
cell  lines  (LCLs)  which  were  derived  from  deleterious 
mutation  carriers  heterozygous  for  BRCA 7 -c. 3671  ins4  or 
7?77C42-c.796delT.  These  frame-shift  mutations  create  the  pre¬ 
mature  stop  codons,  which  are  predicted  to  activate  the  NMD 
pathway  and  thus  lead  to  decreased  levels  of  mRNAs  from  the 
mutant  alleles  (12).  As  shown  in  Figure  2A  and  B,  the  ratios  of 
R77C47-C.4308T  to  -C.4308C  between  wild  type  and  BRCA1- 
c.3671ins4  heterozygous  samples  were  0.93  +  0.04  and 
2.07  +  0.06,  respectively  (P  <  0.01).  By  subcloning  and 
sequencing  the  individual  transcripts,  we  found  that  the  under¬ 
expressed  allele  contained  both  the  7?77C47-c.3671ins4 
mutation  and  the  BRCA  /-C.4308C  polymorphism  (detected 
by  the  FAM  signal)  (data  not  shown).  To  further  examine  if 
the  loss  of  7?77C47-c.3671ins4  was  associated  with  NMD, 
we  treated  the  BRCA  /-c.367 1  ins4  LCLs  with  puromycin,  a 
translational  inhibitor,  14  h  prior  to  RNA  isolation.  The  ratio 
of  7?77C47-c.4308T  to  -C.4308C  in  7?7?C47-c.3671ins4  hetero¬ 
zygous  cells  decreased  ~30%,  in  comparison  to  the  non¬ 
treatment  group  (1.50  +  0.05  versus  2.07  +  0.06,  P  <  0.01) 
(Fig.  2B).  Our  data  indicated  that  treatment  with  puromycin 
was  able  to  partially  recover  the  AI  caused  by  NMD.  Signifi¬ 
cant  AI  was  also  observed  for  the  7?77C42-c.796delT  mutant 
allele.  The  ratios  of  BRCA2-C.3396G  to  -C.3396A  between 
wild-type  and  BRCA2-c.796de\T  heterozygous  samples  were 
0.98  +  0.06  and  6.59+  1.31,  respectively  (PC  0.01).  After 
treating  the  BRCA2-c.796delT  LCLs  with  puromycin,  the 
ratio  of  BRCA2-C.3396G  to  -C.3396A  in  BRCA2-c.796de\T 
heterozygous  cells  decreased  ~31%,  in  comparison  to  the 
non-treatment  group  (4.90  +  0.87  versus  6.25  +  1.17) 
(Fig.  2C  and  D).  Our  results  suggested  that  the  loss  of 
expression  of  BRCA1  or  BRCA2  mutant  alleles  via  NMD  sig¬ 
nificantly  contributed  to  the  observed  AI. 
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Figure  1.  Standard  curves  for  BRCA1  and  BRCA2  allelic  imbalance. 

(A)  Allele-specific  real-time  PCR  amplification  plot  analyses  of  #KG47-c.4308T  (VIC)  and  -C.4308C  (FAM)  was  performed  in  cDNAs  generated  by  RT-PCR  using 
RNAs  from  blood  lymphocytes  of  two  individuals  homozygous  for  either  the  #/?G47-c.4308T/T  or  B RCA  1-c .43 OSC/C.  DNA  sequencing  chromatograms  confirming 
the  genotype  are  shown  in  the  right  panel.  (B)  Allele-specific  real-time  PCR  amplification  plot  was  analyzed  in  mixed  cDNAs  of  BRCA 7-C.4308T/T  (detected  by  VIC) 
and  BRCA 1 -c. 43 08C/C  (detected  by  FAM)  at  the  folio wing  ratios:  8:1, 4:1, 2:1, 1:1, 1:2,  l:4and  1:8,  respectively.  (C)The  standard  curve  for  BRCA  1  allelic  imbalance: 
Log2  (c.4308T/C)=  —0.0877  +  1.57897  *  ACj.  The  Pearson  correlation  coefficient  (r)  between  Log2  (c.4308T/c.4308C)  and  ACt  was  0.9798  (Data  expressed  as 
Mean  +  SD,  n= 3;  the  mean  value  of  ACt  for  c.4308T/C=l  has  been  adjusted  to  zero).  (D)  Allele-specific  real-time  PCR  amplification  plot  was  analyzed  in  mixed 
cDNAs  ofi?RG42-c.3396A/A  (detected  by  VIC)  and  BRCA2-C.3396G/G  (detected  by  FAM)  at  the  following  ratios:  8:1,  4:1,  2:1,  1:1,  1:2,  1:4  and  1:8,  respectively. 
(E)  The  standard  curve  for  BRCA2  allelic  imbalance:  Log2  (c.3396A/G)  =  0. 1 1726  +  1 .26458  *  ACT.  The  Pearson  correlation  coefficient  (r)  between  Log2  (c.3396A/G) 
and  ACj  was  0.9868  (Data  expressed  as  Mean  +  SD,  n  =  3;  the  mean  value  of  ACt  for  c.3396A/G=  1  has  been  adjusted  to  zero). 
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Figure  1.  continued 


BRCAl  and  BRCA2  allelic  imbalance  is  associated  with 
breast  cancer  risk 

To  evaluate  AI  of  BRCAl  and  BRCA2  gene  expression,  geno¬ 
type  analysis  of  the  two  common  polymorphisms, 
B R CA  / - c . 4 3 0 8 T/C  and  BRCA2- C.3396A/G,  was  performed 
on  DNA  samples  isolated  from  fresh-frozen  peripheral  blood 
lymphocytes  from  85  unrelated  BRCA1/2  mutation-negative 
familial  breast  cancer  carriers  (median  age  at  sample  collec¬ 
tion:  47),  112  non-familial  breast  cancer  carriers  (median 
age  at  sample  collection:  52)  and  102  age-matched  cancer- free 
females  (median  age  at  sample  collection:  51)  (Table  1).  From 
these  analyses,  37  (43.5%),  48  (42.9%)  and  41  (40.2%)  of  the 
samples  evaluated  were  determined  to  be  heterozygote  for  the 
BRCA  /-C.4308T/C  polymorphism  for  familial  breast  cancer 
patients,  non-familial  cancer  patients  and  cancer-free  controls, 
respectively  (Table  1).  Furthermore,  39  (45.9%),  44  (39.3%) 
and  36  (35.3%)  of  the  samples  above  were  found  to  be  hetero¬ 
zygous  for  the  BRCA2- C.3396A/G  polymorphism  (Table  1). 


Since  our  initial  validation  studies  were  preformed  using 
immortalized  LCLs,  we  first  compared  AI  in  RNA  isolated 
from  20  fresh-frozen  lymphocytes  versus  20  established 
Epstein-Barr  Virus  (EBV)-lines.  No  significant  differences 
were  detected  between  these  two  sample  sets  [BRCAl: 
0.424  +  0.129  versus  0.409  +  0.127  (n» 11);  BRCA2: 

0.212  +  0.180  versus  0.225  +  0.209  (w  =  10)].  However,  to 
limit  any  AI  variation  potentially  introduced  by  EBV  trans¬ 
formation,  all  subsequent  AI  assays  were  performed  using 
RNAs  isolated  from  peripheral  blood  lymphocytes.  Next, 
RNA  isolated  from  B RCA  / -c.43 0 8 T/C  (n  =  126)  and 
BRCA2-C. 3396 A/G  («  =  I  1 9)  heterozygotes,  including  single 
heterozygotes  and  double  heterozygotes,  were  evaluated  for 
integrity  and  quantity.  Those  samples  demonstrating  high 
quality  and  the  necessary  quantities  were  used  in  the  AI 
assay,  as  described  in  the  Materials  and  Methods  section. 

To  evaluate  the  AI,  we  used  the  absolute  values  of  Log2 
(BRCAl -C.430ST/C)  or  Log2  (BRG42-c.3396A/c.3396G). 
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Figure  2.  BRCA1  and  BRCA2  allelic  imbalance  caused  by  NMD.  (A)  Allele-specific  real-time  PCR  amplification  plots  of  BRG47-C.4308T  (VIC)  and  -C.4308C 
(FAM)  for  non-template  control,  BRCA1  wild-type  lymphoblastoid  cells  (WT),  BRCA1  mutant  (heterozygous  BRCA /-c.3671  ins4)  lyinphoblastoid  cells  without 
[PC  (  — )]  or  with  [PC  (+)]  puromycin  treatment.  (B)  Allelic  expression  ratios  of  BRCAl-c  A30&T  to  BRCA1- C.4308C  (a:  versus  WT;  b:  versus  PC  (+);  t-test,  P  < 
0.05).  (C)  Allele-specific  real-time  PCR  amplification  plots  of  BRCA2- C.3396A  (VIC)  and  -C.3396G  (FAM)  for  non-template  control,  BRCA2  wild-type  lym¬ 
phoblastoid  cells  (WT),  BRCA2  mutant  (heterozygous  Bi?C42-c.796delT)  lymphoblastoid  cells  without  [PC  (— )]  or  with  [PC  (+)]  puromycin  treatment.  (D) 
Allelic  expression  ratios  of  BRCA2- C.3396G  to  BRCA2- C.3396A  (a:  versus  WT;  b:  versus  PC  (+);  t-test,  P  <  0.05). 


a,b 


WT  PC  (+)  PC  (-) 
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Non  Template  Control 


BRCA2-c.796delT  (w/o  puromycin) 


BRCA2  Wild  Type 


BRCA2-C. 796delT  (w/  puromycin) 


D 


Allelic  Expression  Ratio  of 
BRCA2- C.3396G  to  BRCA2- C.3396A 


Figure  2.  continued 


The  mean  value  of  Log2  (c.4308T/C)  of  BRCA1  in  the  lym¬ 
phocytes  from  familial  breast  cancer  carriers  was  found  to 
be  ~104%  higher  than  that  that  in  the  lymphocytes  from 
cancer-free  controls  [0.424  +  0.157  (n  =  32)  versus  0.211  + 
0.169  («  =  40),  P  =  0.00001;  t-test]  (Table  2  and  Fig.  3 A  and 
B).  Log2  of  BRCA  /-C.4308T/C  in  the  lymphocytes  from  non- 
familial  breast  cancer  carriers  was  73%  higher  than  that  in 
cancer-free  controls  [0.353  +  0.209  («  =  32),  P  =  0.002 
versus  control]  (Table  2  and  Fig.  3A  and  C).  In  comparison, 
the  mean  value  of  Log2  of  BRCA2- C.3396A/G  in  the  lympho¬ 
cytes  from  familial  breast  cancer  patients  was  moderately 


higher  (10%)  than  that  in  cancer- free  controls  [0.206  + 
0.180  (n  =  37)  versus  0.172  ±  0.123  («  =  31),  P  =  0.38;  7-test] 
(Table  2  and  Fig.  4A  and  B).  A  similar  result  (38%  higher)  was 
observed  for  Log2  (C.3396A/G)  of  BRCA2  in  the  lymphocytes 
of  non- familial  breast  cancer  carriers  [0.267  ±  0.171  (n  =  26), 
P=  0.03  versus  control]  (Table  2  and  Fig.  4A  and  C). 

Interestingly,  the  distribution  of  under-expressed  alleles  of 
BRCA1  and  BRCA2  was  found  to  be  significantly  different 
between  cancer-free  control  and  familial  breast  carriers,  but 
not  between  cancer-free  control  and  non-familial  breast  car¬ 
riers.  As  shown  in  Table  3  and  Figure  3,  under-expressed 


1342  Human  Molecular  Genetics,  2008,  Vol.  17,  No.  9 


Chen,  Xiaowei 


Table  1.  Characteristics  of  the  study  groups 


Characters 

Study  groups 
Familial 

Non-familial 

Cancer-free 

Sample  size 

85 

112 

102 

Age  (median) 

At  diagnosis 

44 

49 

NA 

At  sample  collection 

47 

52 

51 

Family  history3 

2  or  more 

85 

0 

0 

i 

0 

23 

25 

0 

0 

89 

77 

Genotypes 

&RG4/-C.4308T/C 

37 

48 

41 

BRCA2-C.3396AJG 

39 

44 

36 

aNumber  of  first  and/or  second-degree  relatives  affected  with  either  breast 
and/or  ovarian  cancer. 


£RC47-c.4308T  (i.e.  Log2  [4308T/C]  <  0)  and 

BRCA1- C.4308C  (i.e.  Log2  [4308T/C]  >  0)  alleles  were 
found  in  ~53%  (21  of  40)  and  ~47%  (19  of  40)  of  cancer-free 
controls  as  compared  to  ~28%  (9  of  32)  and  ~72%  (23  of  32) 
of  familial  breast  cancer  carriers,  respectively  ( P  <  0.02).  In 
addition,  under-expressed  BRCA2- C.3396A  [i.e.  Log2 

(3396A/G)  <  0]  and  BRCA2-C.3396G  [i.e.  Log2  (3396A/ 
G)  >  0]  alleles  were  found  in  ~45%  (14  of  31)  and  ~55% 
(17  of  31)  of  cancer-free  controls  as  compared  to  ~70%  (26 
of  37)  and  ~30%  (1 1  of  37)  of  familial  breast  cancer  carriers 
(P  <  0.02),  respectively  (Table  3  and  Fig.  4). 

Inheritance  effects  of  AI  in  BRCA1 

A  previous  study  has  indicated  that  AI  for  several  tumor  sup¬ 
pressor  genes  could  be  transmitted  by  Mendelian  inheritance 
(19).  To  test  if  the  AI  observed  in  our  study  may  be  inherited, 
we  identified  three  affected  women  (i.e.  probands)  reporting  a 
significant  family  history  of  breast  and/or  ovarian  cancer  for 
which  we  had  blood  from  at  least  one  of  their  sisters.  Further¬ 
more,  each  sister  had  to  be  heterozygous  for  the 
BRCA /-C.4308T/C  polymorphism.  As  shown  in  family  A 
(Table  4),  sister  Sis-02  displayed  a  similar  AI  pattern  as  com¬ 
pared  to  the  proband,  while  sister  Sis-01  displayed  no  AI.  In 
the  two  other  families,  both  the  affected  probands  and  their 
corresponding  sisters  showed  AI  (Table  4).  We  further  per¬ 
formed  a  haplotype  analysis  to  determine  whether  the  alleles 
showing  AI  were  shared  between  siblings.  As  shown  in 
Table  4,  sisters  with  the  same  AI  phenotype  shared  the  same 
haplotype  with  their  affected  sister.  Importantly,  sister  Sis-01 
in  family  A  did  not  share  the  same  haplotype.  Her  blood 
sample  displayed  no  AI  (0.007  +  0.147)  for  BRCA1  gene 
expressions  whereas  the  AI  was  detected  in  her  unaffected 
and  affected  sisters  (Sis-02  and  Proband,  0.382  +  0.176  and 
0.375  ±  0.06,  respectively)  (Table  4).  The  allele  frequencies 
of  the  microsatellite  markers  used  for  haplotype  construction 
are  listed  in  Supplementary  Material,  Table  SI. 

DISCUSSION 

In  this  study,  we  developed  a  quantitative  AI  assay  to  examine 
the  expression  difference  between  the  alleles  of  BRCA1  and 


BRCA2  (Fig.  1).  By  performing  this  AI  assay  with  specific 
primers  and  probes  that  target  common  single  nucleotide  poly¬ 
morphisms  in  BRCA1  and  in  BRCA2,  we  were  able  to  detect 
allelic  imbalance  associated  with  NMD  in  patients  carrying 
frameshift  mutations  in  BRCA1  and  BRCA2  (Fig.  2).  We 
next  compared  AI  of  BRCA1  and  BRCA2  expression  among 
three  groups,  familial  breast  cancer  patients,  non-familial 
breast  cancer  patients,  and  age-matched  cancer-free  females. 
AI  ratios  of  BRCA1  in  familial  breast  cancer  cases  were  sig¬ 
nificantly  higher  than  those  from  cancer-free  controls  (P  = 
0.00001)  (Table  2  and  Fig.  3).  Similar  results  were  observed 
for  AI  ratios  of  BRCA1  in  the  lymphocytes  from  non-familial 
breast  cancer  patients  ( P=0.002 ).  AI  ratios  of  BRCA2  in  famil¬ 
ial  or  non-familial  breast  cancer  cases  were  also  higher  than 
those  from  cancer-free  controls  (P  =  0.38  or  P—  0.03,  respect¬ 
ively).  However,  the  difference  was  not  statistically  significant 
in  the  ratios  of  mRNA  expressed  from  the  BRCA2  alleles 
found  in  familial  breast  cancer  cases  when  compared  to 
cancer-free  controls  (Table  2  and  Fig.  4).  In  addition,  the  dis¬ 
tribution  of  under-expressed  alleles  between  cancer-free  con¬ 
trols  and  familial  cases  was  significantly  different  for  both 
BRCA1  and  BRCA2  gene  expression  ( P  <  0.02  and  P  < 
0.02,  respectively)  (Table  3).  Furthermore,  we  have  demon¬ 
strated  that  the  AI  patterns  for  BRCA1  expression,  albeit  in  a 
small  number  of  families,  can  be  transmitted  by  Mendelian 
inheritance  (Table  4).  Although  these  findings  are  consistent 
with  a  previous  study  (19),  future  evaluations  will  benefit 
from  evaluating  AI  in  large  families  for  evidence  of  disease 
segregation. 

Several  methods  have  been  developed  to  evaluate  allele- 
specific  expression.  The  first  method  combines  primer  exten¬ 
sion  and  capillary  electrophoresis  (19,21).  The  second 
approach  utilizes  microarray  technology  to  measure  allele- 
specific  mRNA  expression  (22).  Compared  to  the  AI  assay 
presented  here,  the  method  of  primer  extension  plus  capillary 
electrophoresis  is  also  accurate  but  relatively  time-consuming 
and  expensive.  The  microarray  approach  provides  a  high- 
throughput  and  a  powerful  platform  for  the  simultaneous 
analysis  of  large  numbers  of  genes  to  analyze  allele-specific 
gene  expression,  but  it  has  less  power  to  define  the  AI.  Like 
the  majority  of  allelic  expression  methods  (23),  our  AI  assay 
also  requires  a  transcribed  heterozygous  variant  in  the 
individuals  to  be  evaluated.  In  the  present  study,  we  targeted 
two  common  polymorphisms,  B R CA  / - c . 4 3 0 8 T  >  C  and 
BRCA2- c.3396A>G  in  the  general  population.  Therefore,  a 
substantial  number  of  subjects  homozygous  for  the  poly¬ 
morphisms  had  to  be  excluded.  To  overcome  this  limitation 
of  population  selection  based  on  genotypes,  other  primers 
and  probes  will  need  to  be  developed  to  target  other 
common  polymorphisms  in  BRCA1  and/or  BRCA2.  In 
addition,  our  approach  could  easily  be  applied  for  studying 
AI  in  other  cancer  susceptibility  genes,  such  as  p53,  APC, 
PTEN,  etc. 

In  this  study,  we  have  demonstrated  AI  for  both  BRCA1  and 
BRCA2  in  breast  cancer  populations.  Interestingly,  the 
increase  of  AI  ratios  in  familial  and  non-familial  breast 
cancer  patients  was  more  significant  for  BRCA1  than 
BRCA2.  Loss  of  BRCA1  expression  in  breast  cancer  has 
been  reported  to  be  related  to  the  pathogenesis  of  breast 
cancer  (13-17).  Loss  of  BRCA2  expression  in  cancers,  in 
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Table  2.  Allelic  imbalance  in  BRCA1  and  BRCA2  expression 


Genes 

Population 

Sample  number 

AI  (Mean  +  SD)a 

Mest  (P-value)  versus  cancer-free 

BRCAl 

Cancer-free 

40 

0.211  ±  0.169 

Familial 

32 

0.424  +  0.157 

0.00001 

Non-familial 

32 

0.353  +  0.209 

0.002 

BRCA2 

Cancer-free 

31 

0.172  +  0.123 

Familial 

37 

0.206  +  0.180 

0.38 

Non-familial 

26 

0.267  ±0.171 

0.03 

aTo  calculate  the  mean  value  of  AI,  all  negative  value  of  Log2  (BRCA1- C.4308T/C)  and  Log2  (BRCA2- c.3396A/c.3396G)  in  Figures  3  and  4  were 
changed  to  positive  values. 


contrast,  is  still  controversial  (24,25).  These  findings  indicate 
that  AI  in  BRCA1  appears  to  be  a  more  common  event  in 
breast  cancer  development  than  AI  involving  BRCA2. 
However,  the  mechanism(s)  leading  to  the  observed  AI  is 
for  the  most  part  unknown. 

We  have  demonstrated  that  both  BRCA1  and  BRCA2  dele¬ 
terious  mutations  can  activate  the  NMD  pathway  and  result 
in  AI  [Figure  2,  and  (12)].  However,  all  the  familial  breast 
cancer  patients  evaluated  in  the  current  study  were  determined 
to  lack  a  mutation  in  BRCA1  and  BRCA2  that  would  trigger 
NMD.  Furthermore,  we  evaluated  the  BRCA1  and  BRCA2 
genes  in  the  sporadic  breast  cancer  patients  and  cancer-free 
controls  demonstrating  AI  [i.e.  allele  expression  ratio  >  0.25 
or  <  —0.25  (Figs  3  and  4)].  Again,  no  deleterious  germline 
mutations  were  detected  (data  not  shown).  This  is  not  entirely 
surprising  given  that  germline  mutations  in  BRCA1  and 
BRCA2  are  rare  in  women  affected  with  breast  cancer 
without  a  strong  family  history  of  the  disease  (26-29). 

Based  on  these  observations,  we  conclude  that  NMD  is  not 
likely  to  be  responsible  for  the  observed  AI  in  our  case- 
control  comparisons.  Therefore,  other  mechanisms  are  likely 
to  exist  to  account  for  the  observed  increased  AI  of  BRCA1 
and  BRCA2  gene  expression  in  female  breast  cancer  patients. 
For  example,  the  5'  and  3'  non-coding  regions  of  BRCA1  and 
BRCA2  are  rarely  evaluated  through  genetic  testing,  even 
though  genetic  alterations  in  these  non-coding  regions  could 
be  important  in  regulating  BRCA1  and  BRCA2  expression. 
For  instance,  genetic  alterations  within  5'  DNA  or  the  putative 
promoter  regions  are  able  to  disrupt  the  binding  of  transcrip¬ 
tion  factors  to  DNA  regulatory  elements  and  hence  lead  to 
the  loss  of  allelic  gene  expression.  Several  studies  have 
shown  that  large  genomic  deletions  involving  the  BRCA1  pro¬ 
moter  were  associated  with  hereditary  breast  cancer  (30-32). 
This  concept  is  further  supported  by  studies  of  Cowden  syn¬ 
drome  (CS)  showing  that  ~10%  of  CS-related  PTEN 
mutations  occur  in  the  PTEN  promoter  and  lead  to  a  50% 
reduction  in  PTEN  expression  (33,34).  Also,  allele-specific 
hypermethylation  of  the  BRCA1  promoter  region  and 
decreased  BRCA1  expression  is  associated  with  ~10%  of 
sporadic  breast  cancer  cases  (18,30,35).  Recent  advances 
have  identified  a  new  pathway  for  gene  regulation,  i.e.  via 
microRNAs  (miRNAs)  (36,37).  These  21-22  nt  RNA  mol¬ 
ecules  are  complementary  to  the  3'-UTR  sequence  of  tran¬ 
scripts  and  mediate  negative  post-transcriptional  regulation 
through  RNA  duplex  formation  (36,38).  By  performing 
in  silico  analyses  in  four  BRCA1  SNPs  and  two  BRCA2 


SNPs  (39),  we  have  identified  three  rare  BRCA1  alleles 
(c.5628G,  C.6273T,  C.6924A)  that  could  potentially  create 
target  sites  for  selected  microRNAs  (Supplementary  Material, 
Table  S2).  Therefore,  it  is  possible  that  altered  mRNA  target¬ 
ing  could  contribute  to  AI  of  BRCA1  gene  expression  in  the 
absence  of  frameshift  mutations.  It  will  be  important  in 
future  studies  to  determine  the  mechanisms  that  either 
disrupt  transcription  factors  binding  or  alter  miRNA  binding, 
leading  to  constitutively  decreased  levels  of  BRCA1  and 
BRCA2  and  an  increased  risk  of  developing  breast  cancer. 

In  summary,  we  have  developed  a  quantitative  approach  to 
evaluate  expression  of  BRCA1  and  BRCA2  from  individual 
alleles,  and  we  have  found  that  AI  in  BRCA1  and  to  a  lesser 
extent  BRCA2  is  associated  with  increased  breast  cancer 
risk.  Furthermore,  we  have  demonstrated  that  the  AI  patterns 
for  BRCA1  expression  could  be  transmitted  by  Mendelian 
inheritance.  Since  susceptibility  to  breast  cancer  is  far  from 
being  fully  understood,  our  study  suggests  that  alternate  mech¬ 
anisms,  other  than  deleterious  coding  mutations,  may  contrib¬ 
ute  to  breast  cancer. 

MATERIALS  AND  METHODS 

Databases 

RefSeqs  (GenBank  Accession  No:  NM_007295.2  and 
NM_000059.1)  were  used  for  BRCA1  and  BRCA2  mRNA 
numbering,  respectively.  The  A  of  ATG  translation  initiation 
codon  is  defined  as  position  +1. 

Subjects  and  genotype  analysis 

Three  populations  were  used  in  this  study,  (i)  BRCA1/2 
mutation-negative  women  reporting  a  personal  and  family 
history  of  breast  cancer,  i.e.  familial;  (ii)  female  breast 
cancer  patients  without  a  significant  family  history  of 
disease,  i.e.  non-familial;  and  (iii)  age-matched  cancer-free 
female  controls  (Table  1).  All  participants  were  Caucasian 
women  with  European-American  ancestry  and  were  from  the 
Delaware  Valley,  including  the  greater  Philadelphia  Metropo¬ 
litan  area  in  Pennsylvania.  For  family  studies,  eligible  subjects 
were  women  with  a  personal  and  family  history  of  cancer  (at 
least  two  first  and/or  second-degree  relatives  affected  with 
either  breast  and/or  ovarian  cancer)  and  were  ascertained 
from  the  Family  Risk  Assessment  Program  (FRAP)  at  the 
Fox  Chase  Cancer  Center  (FCCC).  All  relevant  institutional 
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Figure  3.  BRCA1  allelic  expression  ratios  in  cancer- free  controls,  familial  and  non-familial  breast  cancer  patients.  The  AI  assays  were  performed  using  specific 
primer  and  probe  sets  targeting  BRCAl-cA308T/C  alleles.  Log2  ratios  of  BRCA1-C.430&T  allele  to  -C.4308C  allele  expression  were  presented  in  cancer-free 
controls  (A),  familial  (B)  and  non-familial  breast  cancer  patients  (C).  (Data  expressed  as  Mean  +  SD,  n  =  3;  the  mean  value  of  allelic  expression  ratios  of 
total  normal  samples  has  been  adjusted  to  zero). 


review  boards  approved  the  study  protocol  and  written 
informed  consent  was  obtained  from  all  participants.  Genotype 
analyses  of  the  two  common  polymorphisms, 
BRCA  7-C.4308T/C  and  BRCA2-C. 3396 AJG  were  carried  out 


using  ABI  PRISM  7900HT  Sequence  Detection  System  and 
Assays-on-Demand  SNP  Genotyping  products  for  fluorogenic 
polymerase  chain  reaction  allelic  discrimination  (Applied  Bio¬ 
systems,  Foster  City,  CA,  USA). 
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Figure  4.  BRCA2  allelic  expression  ratios  in  cancer-free  controls,  familial  and  non-familial  breast  cancer  patients.  The  AI  assays  were  performed  using  specific 
primer  and  probe  sets  targeting  BRCA2- C.3396A/G.  Log2  ratios  of  BRCA2- C.3396A  allele  to  -C.3396G  allele  expression  were  presented  in  cancer-free  controls 
(A),  familial  (B)  and  non-familial  cancer  patients  (C).  (Data  expressed  as  Mean  +  SD,  n  —  3;  the  mean  value  of  allelic  expression  ratios  of  total  normal  samples 
has  been  adjusted  to  zero). 
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Table  3.  Distribution  of  under-expressed  alleles  of  BRCA1  and  BRCA2 


Genes 

Group 

Under-expressed  alleles 

OR  (95%  Cl) 

P-value3 

BRCAl 

Cancer-free  Controls 

C.4308T,  Log2  [4308T/C]<0 

21 

C.4308C,  Log2  [4308T/C]>0 

19 

Familial 

9 

23 

2.82  (1.05,  7.60) 

0.02 

Non-Familial 

16 

16 

1.11  (0.44,  2.80) 

0.18 

BRCA2 

Cancer-free  Controls 

c. 3396 A,  Log2  [3396A/G]<0 

14 

C3396G,  Log2  [3396A/G]>0 

17 

Familial 

26 

11 

0.35 

0.02 

Non-familial 

13 

13 

0.82 

0.20 

aA  x2  test  was  used  to  assess  the  2  by  2  tables. 

Table  4.  Allelic  expression  and  haplotype  analysis  of  BRCAl  in  sisters  from  three  breast  cancer-prone  families 

Family 

Members 

Allelic  expression  [Log2  (5i?C47-c.4308T/C)] 

Haplotypes  D17S855-D17S1322-D17S1325 

Family  A 

Proband3 

0.375  +  0.060 

145/155-121/121-193/193 

Sis-01 

0.007  +  0.147 

145/153-121/121-195/193 

Sis-02 

0.382  +  0.176 

145/155-121/121-193/193 

Family  B 

Probandb 

0.477  +  0.070 

145/151-121/124-193/193 

Sis-01 

0.232  +  0.214 

145/151-121/124-193/193 

Family  C 

Probandb 

0.583  +  0.243 

145/153-121/127-189/189 

Sis-01 

0.522  +  0.156 

145/153-121/127-189/189 

“Ovarian  cancer  carrier. 
bBreast  cancer  carrier. 


Allelic  imbalance  assay 

A  1.25  p.1  of  the  cDNA  synthesized  in  the  RT  reaction  was 
used  in  a  real-time  PCR  reaction  (25  |xl  total  volume),  per¬ 
formed  with  ABI  PRISM  7900HT  Sequence  Detection 
System  following  methods  recommended  by  the  manufacturer. 
Optimal  conditions  were  as  follows:  Step  1,  95  °C  for  10  min; 
Step  2,  92°C  for  15  s,  60°C  for  60  s  with  Optics;  repeated  for 
40  cycles.  The  primer  and  probe  sets  used  in  real-time  PCR 
reaction  to  detected  RRC47-C.4308T/C  (rsl060915)  and 
BRCA2-C.3396AJG  (rsl801406)  allelic  expression  were 
obtained  from  Applied  Biosystem  TaqMan®  SNP  Assay 
program  (Assay  ID:  C. 3178676  and  C. 7605673.1  for  BRCAl 
and  BRCA2,  respectively).  Sequence  information  for  primers 
and  probes  is  available  upon  request.  Each  96-well  PCR 
plate  included  negative  controls,  positive  controls  and 
unknown  samples.  Real-time  PCR  data  were  analyzed  with 
ABI  SDS  2.2.2  software.  In  order  to  produce  the  BRCA1 
allelic  expression  standard  curve,  cDNAs  from  the  two 
samples  with  homozygous  genotypes,  BRCA  /-C.4308T/T  and 
B R CA 2 - c . 4 3 0 8 C / C ,  were  mixed  as  the  following  ratios:  8:1, 
4:1,  2:1,  1:1,  1:2,  1:4  and  1:8  (c.4308T/T  allele:c.4308C/T 
allele).  For  the  same  purpose,  cDNAs  from  the  two  samples 
with  homozygous  genotypes,  BRCA2- C.3396A/A  and 
BRCA2- C.3396G/G,  were  mixed  as  the  following  ratios:  8:1, 
4:1,  2:1,  1:1,  1:2,  1:4  and  1:8  (c.3396A/A  allele:c.3396G/G 
allele). 

The  principles  of  quantitative  real-time  PCR  provide  the 
basis  of  this  linear  relation  between  Log2  ratio  and  ACT  estab¬ 
lished  in  our  approach  to  detect  AI  (40,41).  Previous  data  have 
shown  that  AmpliTaq  DNA  polymerase  cleaves  the  matched 
and  well-hybridized  probe  and  target  sequences  and  produces 


a  fluorescent  signal  (42).  In  contrast,  mismatches  between  a 
probe  and  target  are  expected  to  reduce  the  efficiency  of 
probe  hybridization,  and  AmpliTaq  DNA  polymerase  is 
more  likely  to  displace  a  mismatched  probe  without  cleaving 
it,  which  does  not  produce  a  fluorescent  signal. 

Theoretically,  Allele  1  gene  copy  number  (detected  by 
FAM): 

Log2[Allele  —  1]  =  —  Ai*Cti  +  B]  ( 1 ) 

and  Allele  2  gene  copy  number  (detected  by  VIC): 

Log2[Allele  —  2]  —  —  A2*Ct2  +  B2  (2) 

If  the  fluorescence  probes  have  the  same  efficiency  to  hybri¬ 
dize  with  matched  target  sequence,  that  is,  At  =  A2  =  A,  there¬ 
fore, 

Log2[Allele  -  1/2]  =  A*(CT2  -  CTi)  +  (Bj  -  B2)  (3) 

The  function  (3)  was  confirmed  by  two  standard  curves, 
Log2  (c.4308T/C)= -0.0877 +  1.57897  *  ACX  and  Log2 
(c.3396A/G)  =  0.1 1726  +  1.26458  *  ACT,  set  up  by  our  exper¬ 
imental  data  (Fig.  1).  Besides  using  function  (3)  to  calculate 
the  ratio  of  mRNA  expression  between  the  two  alleles,  func¬ 
tion  ( 1 )  and  function  (2)  are  able  to  be  applied  for  examining 
the  absolute  value  of  each  allele  mRNA  expression.  However, 
the  direct  analysis  of  single  allele  expression  is  often  compli¬ 
cated  by  the  potential  variations  between  individuals  with 
different  environmental  or  physiological  background  rather 
than  genetic  factors.  Comparing  the  relative  expression 
levels  of  two  alleles  of  the  same  gene  within  the  same  biologic 
sample  will  help  to  minimize  these  variations. 


Peripheral  blood  lymphocytes  and  LCLs 

Lymphocytes  were  isolated  from  peripheral  blood  and  stored 
at  —  150°C  until  needed.  None  of  the  blood  samples  from 
breast  cancer  patients  were  collected  at  the  time  of  chemo- 
or  radiation  therapy.  In  addition,  a  subset  of  cyropreserved 
lymphocytes  from  BRCA1  or  BRCA2  mutation  carriers  (e.g. 
BRCAl-c361\ms4  and  R/?C42-c.796delT)  or  disease-free 
individuals  were  infected  with  EBV  to  establish  immortal 
LCLs.  LCLs  were  maintained  in  RPMI  (GIBCO  BRL) 
media  supplemented  with  20%  fetal  calf  serum  and  antibiotics 
at  37°C,  5%  CO2  atmospheric  condition  and  95%  humidity. 
The  immortalized  LCLs  from  cancer-free  individuals  that 
had  been  tested  negative  for  mutations  in  BRCA1  and 
BRCA2  served  as  wild-type  controls.  To  prevent  potential 
degradation  of  unstable  transcripts  by  NMD  a  translation 
inhibitor,  puromycin  (Sigma,  St  Louis,  MO,  USA)  was 
added  to  the  LCL  cells  as  described  in  a  previous  study  (12). 

Subcloning  the  PCR  product  and  sequence  analysis 

PCR  fragments  containing  a  common  polymorphism  and  dele¬ 
terious  mutation  were  subcloned  directly  into  pCR®4-TOPO 
vector  (Invitrogen,  Carlsbad,  CA,  USA).  PCR  was  then  per¬ 
formed  to  identify  bacterial  colonies  containing  appropriate 
inserts.  Plasmid  DNA  was  purified  using  QIAfilter™ 
Plasmid  Maxi  Kit  (Qiagen  Inc.,  Valencia,  CA,  USA)  and  the 
insert  was  sequenced  using  either  the  universal  M13-primers 
or  the  primers  for  PCR  reactions. 

RNA  isolation  and  reverse  transcription  (RT) 

Total  cellular  RNAs  were  isolated  from  blood  lymphocyte 
pellets  using  TRIzol  reagent  according  to  the  protocols  pro¬ 
vided  by  the  manufacturer  (Invitrogen  Corp.,  Carlsbad,  CA, 
USA).  Purified  RNAs  were  further  processed  to  remove  any 
contaminating  DNA  (DNA-free  kit,  Ambion,  Inc.,  Houston, 
TX,  USA).  After  quantification  with  Bioanalyzer-2100 
system  using  RNA  6000  Nano  LabChip  kits  (Agilent  Technol¬ 
ogies,  Palo  Alto,  CA,  USA),  2  pig  of  total  RNA  from  each 
sample  was  used  as  a  template  to  be  reverse-transcribed 
(RT)  in  a  20  pi  reaction  [containing  5  p  M  random  hexamers, 
500  pM  deoxynucleoside  triphosphate  mix,  1  x  RT  (reverse 
transcriptase)  buffer,  5  mM  MgCl2,  1.5  units  of  RNase  inhibi¬ 
tor  and  7.5  units  of  MuLV  reverse  transcriptase].  All  reagents 
were  purchased  from  Applied  Biosystems  (Branchburg,  NJ, 
USA).  The  RT  reaction  conditions  were  10  min  at  25°C,  1  h 
at  42°C  and  5  min  at  94°C. 

Haplotype  analysis 

Haplotypes  were  constructed  for  BRCA1  using  three  poly¬ 
morphic  microsatellite  repeat  markers  located  within 
(D17S855  and  D17S1322)  or  adjacent  (D17S1325)  to  the 
BRCA1  locus.  The  sequences  of  the  primer  pairs  were 
obtained  from  the  Genome  Database  (http://www.gdb.org) 
and  PCR  reaction  was  carried  out  as  previously  reported 
(43,44).  PCR  products  with  fluorescent  dye  (HEX)  labeled 
primer  were  mixed  with  Hi-Di  Formamide  and  a  fluorescent 
labeled  internal  size  marker.  The  mixture  was  subjected  to 
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electrophoreseis  on  an  ABI  3100  Automated  DNA  Sequencer 
(Applied  Biosystems,  Foster  City,  CA,  USA)  and  the  data 
were  analyzed  by  the  GeneScan  (Version  3.7)  and  GeneMap- 
per  (Version  4.0)  software  provided  by  the  manufacturer. 

Statistical  analysis 

Allele  specific  real-time  PCR  data  were  analyzed  with  ABI 
SDS  software  v2.2.2  (Applied  Biosystems,  Foster  City,  CA, 
USA).  Statistical  analysis  was  conducted  using  the  SAS 
System  (version  9)  developed  by  the  SAS  Institute,  Inc. 
(Cary,  NC,  USA).  Student’s  /-test  was  employed  for  continu¬ 
ous  data  and  results  were  presented  as  the  mean  +  SD.  We 
compared  the  distribution  of  under-expressed  alleles  in 
BRCA1  or  BRCA2  between  cases  and  controls  using  \  95% 
confidence  intervals  (Cl)  and  the  difference  in  distribution  of 
under-expressed  alleles  was  estimated  as  odds  ratios  (OR).  A 
value  of  P  <  0.05  is  considered  significant. 

SUPPLEMENTARY  MATERIAL 

Supplementary  Material  is  available  at  HMG  Online. 
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